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1.0 INTRODUCTION 
Theore t ica l  s t u d i e s  of  the s o l u b i l i t y  of gases i n  e l e c t r o l y t e s ,  
based on the Percus-Yevick theory,  have been made, following t h e  ex tens ive  
experimental s t u d i e s  of the s o l u b i l i t i e s  of t h e s e  systems. The theory 
p r e d i c t s  accu ra t e ly  t h e  s o l u b i l i t y  and a c t i v i t y  c o e f f i c i e n t s  f o r  both 
the s a l t i n g - i n  and t h e  s a l t i n g r o u t  systems. 
Several  problems w e r e  solved i n  t h e  measurement of p a r t i a l  
molal volume of gases i n  e l e c t r o l y t e s .  
are repor ted  i n  t h e  p e r t i n e n t  s ec t ion .  
par t ia l -mola l  volume w e r e  made, and comparison wi th  experimental d a t a  
shows f avorab le  r e s u l t s .  
R e s u l t s  €or a f e w  measurements 
Improvements on t h e  theory f o r  
Di f fus ion  c o e f f i c i e n t s  of oxygen i n  l i t h i u m  hydroxide were 
measured us ing  t h e  dropping mercury e l ec t rode  method f o r  temperatures up 
t o  6OOC. 
In t h e  case  of t h e  t h e o r e t i c a l  s t u d i e s ,  a hard sphere k i n e t i c  theory has 
been developed. This theory g ives  f a i r  p red ic t ion  on t h e  d i f f u s i o n  
c o e f f i c i e n t s  of gases i n  e l e c t r o l y t e s .  
Measurement a t  higher temperatures presented severe problems. 
An extens ive  l i terature  survey w a s  made on t h e  phys ica l  proper- 
ties of t he  te rnary  system K CO - KOH - H20. 
work on such p rope r t i e s  as so l id - l iqu id  equilibrium, e l e c t r i c a l  conductivity,  
s o l u b i l i t y  and absorption of CO 
r e l a t i v e l y  l i t t l e  work has  been done on t h e  liquid-vapor equilibrium. 
remedy t h i s  s i t u a t i o n ,  experimental measurements of t h e  vapor p re s su re  
using t h e  i s o p i e s t i c  method were performed. 
empirical  mixing r u l e  w a s  a l s o  inves t iga t ed .  
Even though t h e  volume of 2 3  
i n  t h i s  system i s  s i g n i f i c a n t l y  l a r g e ,  2 
To 
The f e a s i b i l i t y  of using a n  
2 
2.0 DIFF[JSION OF OXYGEN IN LITHIUM HYDROXIDE SOLUTION 
Measurements have been made, using t h e  polarographic method, 
on t h e  d i f fus ion  c o e f f i c i e n t s  of oxygen i n  l i t h ium hydroxide so lu t ion  over 
t h e  lithium hydroxide concentrat ion range of 0.0 w t  X t o  s a tu ra t ion ,  and 
temperatures from 25OC t o  6OOC. 
2.1 Material 
Lithium hydroxide p e l l e t s  wi th  p u r i t y  of 95.5% w e r e  used. 
Degassed d i s t i l l e d  w a t e r  prepared by d i s t i l l i n g  deionized water was  used 
i n  preparing so lu t ions .  
Acculate standard so lu t ions .  
0.1 N HC1 so lu t ion  w a s  prepared from ampule of 
Mercury used was of the dry,  t r i p l e  d i s t i l l e d  grade. 
2.2 Esrp eriment a 1  
The polarographic method (1) cons i s t s  of determining t h e  current-  
vo l tage  curve of e lectro-oxidizable  o r  e lectro-reducible  substances as 
they are e lec t ro lysed  i n  a cel l  having an e lec t rode  cons is t ing  of mercury 
f a l l i n g  dropwise from a c a p i l l a r y  tube. 
I n  t h e  present  case,  two plateaux were formed i n  such a current-  
vo l tage  curve. The first one corresponding to  t h e  reduct ion of oxygen t o  
hydrogen peroxide,  which was f u r t h e r  reduced to  w a t e r  i n  t he  second p la teau .  
Only t h e  first p la teau  cur ren t  dens i ty  w a s  used for ca lcu la t ing  t h e  d i f fus ion  
coe f f i c i en t ,  because of t he  v a r i a t i o n  of drop t i m e  with vol tage  i n  t h e  
region of t h e  second plateau.  
2.2.1 Procedure 
A Sargent S-29381 Elec t ro lys i s  C e l l ,  equipped with provis ion to  
bubble gas through the  so lu t ion  and a l s o  introducing a stream of gas above 
t h e  so lu t ion ,  was used i n  the  experiment,’ The c e l l  was f i l l e d  with l i th ium 
3 
hydroxide so lu t ion  and submerged i n  a water bath,  cont ro l led  t o  wi th in  
+ - 0 . 5 O C .  Oxygen, presa tura ted  with water vapor w a s  bubbled through the  
so lu t ion  f o r  45 minutes. 
passed through t h e  gas phase above t h e  so lu t ion  t o  prevent t h e  loss of 
o q g e n  from the  so lu t ion .  A clean dropping mercury e lec t rode  w a s  then 
introduced i n t o  t h e  so lu t ion .  With t h e  mercury dropping at a constant  
rate, the  polarograph was  turned on, and t h e  r e s u l t i n g  current-voltage 
curve recorded. The cur ren t  corresponding t o  t h e  maximum of t h e  f irst  
p la teau  was  used (after deduction of r e s idua l  cur ren t )  i n  t h e  modified 
After t h i s  per iod,  a stream of oxygen w a s  
Ikovic equation, Equation (2-1) t o  calculate t h e  d i f fus ion  coe f f i c i en t .  
where i = net  d i f fus ion  cur ren t  i n  1JA t -. n = number of e lec t rons  involved i n  t h e  r eac t ion  
D = d i f fus ion  coe f f i c i en t ,  cm /sec 2 
c 
m 
t = drop time of t h e  mercury e lec t rode ,  sec 
= concentration of reac t ing  spec ies ,  m i l l i m o l e / l i t e r  
= mass flow rate  of mercury, mg/sec 
2.2.2 Measurement of Drop Time and Mass Flow-Rate of Mercury 
1 In order  t o  c a l c u l a t e  I) from the  above equation w e  need t o  
measure 'm' and ' t ' .  These f a c t o r s  are funct ions of height  of t h e  mercury 
column, dimensions of the  c a p i l l a r y ,  v i s c o s i t y  of so lu t ion  and t h e  appl ied 
vol tage.  Hence, 'm' and ' t '  w e r e  measured f o r  each experiment under t h e  
same conditions as with measurement of d i f fus ion  cur ren t .  The vo l t age  
used was kept a t  .- 0 . 4  v o l t ,  which corresponds to  the  middle of t he  first 
4 
plateau.  
dipper w a s  measured. The mercury co l l ec t ed  w a s  cleaned, dr ied  and 
weighed, from which the  f a c t o r s  'm' and 't' were ca lcu la ted .  I r r e g u l a r  
f l uc tua t ions  i n  the  current-voltage curves w e r e  observed a t  high tempera- 
tures. To s t a b i l i z e  t h i s  e f f e c t ,  t h e  drop ra te  w a s  increased a t  these  
temperatures. 
The time f o r  twenty drops of mercury dropping i n t o  a small  
This i n s t a b i l i t y  was pos tu la ted  t o  be  due t o  t h e  suc t ion  
of so lu t ion  in to  t h e  cap i l l a ry  when t h e  mercury r e t r a c t s  before  a new 
drop begins t o  form. 
after being used f o r  a length  of time. 
c lean  the  c a p i l l a r y  with 1:l n i t r i c  a c i d ,  and r i n s e  with d i s t i l l e d  water 
This suc t ion  e f f e c t  w i l l  a l s o  d i r t y  the  e l ec t rode  
Therefore, it is necessary t o  
before  s t a r t i n g  the  experiment. 
2.2.3 Measurement of Residual Current 
The current  measured i n  a polarogram consis ted of t he  d i f fus ion  
cur ren t  and t h e  r e s i d u a l  cur ren t ,  which is t h e  r e s u l t  of e l e c t r o l y t i c  
conduct ivi ty .  To measure the  r e s i d u a l  cur ren t ,  t h e  so lu t ion  i n  the  
e l e c t r o l y s i s  c e l l  w a s  s t r i pped  with n i t rogen  gas f o r  30 minutes, and t h e  
polarograph s t a r t e d  as  i n  the  a c t u a l  measurement. The r e s i d u a l  cur ren t  
w a s  taken as t h a t  corresponding t o  the  maximum of the  current-voltage 
curve a t  - 0.4 v o l t .  
2.3 Resul ts  and Discussion 
The measured d i f fus ion  coe f f i c i en t s  of oxygen i n  l i t h ium 
hydroxide so lu t ion  a r e  tabulated i n  Table 2-1 and also p lo t t ed  i n  Figure 2-1. 
Each point  is  the  a r i t hme t i c  mean of t h ree  r e p e t i t i o n s .  The 
experimental accuracy is  estimated as + lo%, + 1 2 %  and + 15% a t  25", 40" 
and 6OoC respec t ive ly .  
F - - 
The d i f fus ion  coe f f i c i en t s  of oxygen i n  water obtained by 
5 
. 
1 Table 2-1 
Diffusion Coefficients of Oxygen in Lithium Hydroxide Solutions 
Values are reported as D x lo5, cm2/sec 
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Figure 2-1. Diffusion Coefffclents of Oxygen in LiOH Solutions 
7 
-5 2 ex t r apo la t ion  w e r e  found t o  be 2.13 x 10 
at  25*, 40' and 60'G r e spec t ive ly .  
, 3.5 x and 5.5 x lo-' em /sec 
I 
These data are i n  f a i r l y  good agreement 
with those  of o t h e r  workers, as can b e  seen from Table 2-2. 
The modified Eyring theory prepared by R a t c l i f f  and Holdcroft  (2) 
p r e d i c t s  a linear r e l a t i o n  between Rn D/Do and x / ( l  - x + (vl + v2) x) . 
Figures  2-2, 2-3, 2-4 show p l o t s  of !2n D/Do vs  x / ( l  - x + (Vl + V2) x) f o r  O2 
i n  LiOH s o l u t i o n  a t  25', 40" and 60°G respec t ive ly .  It can be seen t h a t  
l i n e a r i t y  w a s  observed i n  a l l  three cases. 
The modified Eyring theory also p r e d i c t s  . t ha t ,  t he  product W/T 
is  a cons tan t  f o r  a p a r t i c u l a r  concentrat ion.  It is shown i n  Table 2-3 
t h a t ,  w i t h i n  experimental e r r o r ,  t h e  results s a t i s f i e d  t L i s  pred ic t ion .  
In Figure 2-5, Rn D/T is  p l o t t e d  aga ins t  1 /T .  Within experi- 
mental e r r o r  t hese  p l o t s  are l i n e a r .  It should a l s o  be noted t h a t  s lopes 
of t hese  p l o t s  are near ly  t h e  same f o r  each concentration, showing t h a t  
t h e  free energy of a c t i v a t i o n  f o r  oxygen i n  LiOH is  near ly  independent of 
concentrat ion.  
2.4 Comparison Between t h e  Diffusion Coeff ic ien ts  of Oxygen i n  
Lithium Hydroxide and Potassium Hydroxide Solut ions.  
In Figure 21-6, t h e  d i f f u s i o n  c o d f i c i e n t s  of oxygen i n  l i t h ium 
hydroxide are compared wi th  those  repor ted  for KOH. The d i f fus ion  coef f i -  
c i e n t s  i n  LiOH are genera l ly  higher than those i n  KOH. 
t h e  d i f f u s i o n  c o e f f i c i e n t s  a t  i n f i n i t e  d i l u t i o n  f o r  both e l e c t r o l y t e s  
On the  o the r  hand, 
should be t h e  same. 
w e  s h i f t e d  t h e  curves f o r  one system ( in  t h i s  case w e  s h i f t e d  t h e  LiOH 
I n  order  t o  make a f a i r  comparison between the  two,  
- curves) p a r a l l e l l y  u n t i l  they coincided a t  zero e l e c t r o l y t e  concentrat ion 
with those  of KOH. As can be seen from Figure 2-6, the  d i f fus ion  coe f f i c i en t s  
8 
Table 2-2 
Diffusion Coefficients of Oxygen i n  Water 



















































































Table 2-2 (continued) 
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Figure 2-4. An [ e ) vs. Species Fraction f o r  Oxygen i n  LiOH at  6 O o C  
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Table 2-3 
(Dp/T) for Oxygen in Aqueous Lithium Hydroxide 
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Figure 2-6. Comparison of the Diffusion Coefficients of Oxygen i n  
LiOH to those i n  KOH 
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i n  both systems are within-a f e w  percent of each other. 
performance of fue l  c e l l s ,  we know that the d i f fus ion process is the l imit-  
ing factor, it can be concluded that LiOH is at best  as good an electro- 
l y t e  as KOH for use i n  fue l  c e l l s .  
Since i n  the 
17 
3.0 T€fBI@lODYHAMICS OF GAS-ELECTROLYTE SYSTEMS 
In r ecen t  months we  have made some promising advances i n  t h e  
t h e o r e t i c a l  aspec ts  of t h e  general  problem of t h e  thermodynamics of  
s l i g h t l y  so lub le  so lu t e s  i n  e l e c t r o l y t e  so lu t ions .  Much of t h e  work 
has been presented a t  t h e  August 1970 AIChE meeting (5) and we  review 
th is  work i n  sec t ion  3.1. Experimentally we  are beginning t o  g e t  da ta  
for t h e  KOH system, however, t h i s  system seems t o  be e spec ia l ly  d i f f i c u l t  
due t o  t h e  low s o l u b i l i t y  of t h e  gases i n  concentrated KOH so lu t ions .  
Experimental r e s u l t s  'on O2 i n  KOH and some discussion of determining t h e  
p o l a r i z a b i l i t i e s  of complex sa l t i ng - in  ions is given i n  s e c t i o n  3.2. 
3.1 Percus-Yevick Theory of Gas-Electrolyte Systems 
In t h i s  s e c t i o n  w e  have examined i n  some d e t a i l  t h e  general  
-problem of t h e  thermodynamics of low so luble  s o l u t e s  i n  e l e c t r o l y t e  
so lu t ions .  Perhaps t h e  most i n t e r e s t i n g  poin ts  of the theory as it is  
developed he re  are t h a t  we  have used a new, more accura te  equation of 
state f o r  r i g i d  sphere m i x t u r e s  and t h e  de r iva t ion  of t h e  r e s u l t i n g  
equations avoid t h e  previously used Kirkwood coupling parameter method. 
Thus, t h e  theory i s  easier t o  follow, is based more soundly on ideas  
from s ta t is t ical  mechanics, and is  more r ead i ly  amendable t o  f u r t h e r  
improvement. The systems used i n  comparing t h i s  modified theory have 
been pr imari ly  t h e  a l k a l i  ha l ides ,  t h e  te t ra -a lkyl  ammonium bromides 
and KOH. 
3.1.1 Introduct ion 
Consider a nonpolar s o l u t e  1 (such as oxygen) dissolved i n  
a po la r  l i q u i d  solvent  2 (e.g, water). The chemical po ten t i a l  of t h e  
s o l u t e  is  
18 
- -  
I 
! (3-1) 
I f  a salt is now added t o  the  s o l u t i o n  t h e  fugac i ty  f 
This change may be an  inc rease  (salt ing-out) o r  a decrease ( sa l t ing- in) ,  
and is o f t e n  a l a r g e  e f f e c t .  
will be changed. 1 
If the  l i q u i d  phase is i n  contact  with 
another phase (gas,  l i q u i d  o r  s o l i d )  t h e r e  will be a t r a n s f e r  of com- 
ponent 1 between phases u n t i l  t h e  chemical p o t e n t i a l  y 
i n  a l l  phases. 
is  aga in  equal 1 
A s a t i s f a c t o r y  theory f o r  t he  thermodynanic p rope r t i e s  of a 
nonpolar s o l u t e  i n  such a so lu t ion  should p red ic t  t h e  changes i n  the  
s o l u t e  fugac i ty  that occur on changing the  e l e c t r o l y t e  concentrat ion,  
type of ion, temperature and pressure.  Previous theo r i e s  have usua l ly  
been e l e c t r o s t a t i c  i n  nature .  The theory of Debye and McAulay (6)  
provided expressions f o r  d i l u t e  so lu t ions ,  and a v a r i e t y  of a t t empt s  
have been made t o  improve t h e i r  theory ( 7 - 9 ) .  A l l  of these  approaches 
are c lose ly  similar and treat the  so lvent  as a continuous d i e l e c t r i c  
medium containing ions and s o l u t e  molecules. A q u a n t i t a t i v e  test of 
these  theo r i e s  is d i f f i c u l t  because they involve parameters which are 
not r e a d i l y  ava i l ab le .  Moreover, these  theo r i e s  are unable t o  explain 
important q u a l i t a t i v e  aspec ts  of observed behavior, such as sa l t i ng - in .  
I n  v i e w  of t h e  in i t ia l  assumptions present  i n  t h e  e l e c t r o s t a t i c  t heo r i e s  
i t  is  d i f f i c u l t  t o  s e e  how they can be s i g n i f i c a n t l y  improved. The 
regular  s o l u t i o n  theory has been widely used as a framework f o r  discuss- 
ing gases dissolved i n  nonpolar l i q u i d s  (10). 
t h i s  theory is  t h a t  SE = 0; such an assumption i s  not j u s t i f i e d  for t he  
The major assumption i n  
19 
systems s tud ied  here.  - 
In t h i s  r e p o r t  w e  propose a n  approach based on a more recent 
s ta t is t ical  mechanical theory. 
vances have been made i n  t h e  theory of l i q u i d s  (11). When used t o  make 
ca lcu la t ions  of l i q u i d  p rope r t i e s  from first p r inc ip l e s  these theo r i e s  
usual ly  g ive  r a t h e r  poor results, because t h e  theo re t i ca l  equation of s ta te  
is r e l a t e d  i n  a very s e n s i t i v e  way t o  t h e  p a i r  p o t e n t i a l  funct ion.  
experimental values of t he  dens i ty  are used i n  the f i n a l  ‘equations, however, 
good results are obtained. 
most systems of interest it is therefore  poss ib l e  t o  use the  theory t o  
p red ic t  o the r  thermodynamic p rope r t i e s .  
Over t h e  last 10 years  s i g n i f i c a n t  ad- 
If 
Since dens i ty  da t a  is r e a d i l y  a v a i l a b l e  f o r  
The approach proposed makes use of t h e  a n a l y t i c  so lu t ion  t o  
a modified Percus-Yevick equation f o r  r i g i d  spheres by dividing the  
p o t e n t i a l  func t ion  i n t o  a r i g i d  core p lus  an ou te r  attractive pa r t .  
is not necessary t o  assume S = 0. However, approximations are necessary 
t o  evaluate  cont r ibu t ions  from t h e  attractive po ten t i a l .  Similar  approaches 
It 
E 
based on t h e  scaled p a r t i c l e  theory have been used by P i e r o t t i  (12), Shoor 
and Gubbins (13) and Masterton and L e e  (14) f o r  o the r  systems. 
equations are simple t o  use.  
The f i n a l  
3.1.2 C las s i ca l  Thermodynamics 
W e  l a b e l  t h e  s o l u t e  as component 1, water as component 2, 
and e l e c t r o l y t e  species  ( ions)  a s  3,  4 ,  ... m. Usually w e  s h a l l  assume 
t h e  e l e c t r o l y t e  to  be completely d issoc ia ted  t o  y i e l d  j u s t  two i o n i c  
species  (3  and 4 ) .  Extensions t o  mult ivalent  salts and p a r t i a l l y  disso- 
ciated spec ies  a r e  an obvious extension, For gas-liquid equilibrium 
fl G L  = fl 
(3-2) 
20 
The s tandard s ta te  chosen-for t h e  s o l u t e  is t h e  hypothet ical  pure l i q u i d  
\ 
r e f e r r e d  t o  the s o l u t e  a t  i n f in i t e  d i l u t i o n  i n  water, so t h a t  
Assuming a n  i d e a l  gas phase and a p a r t i a l  p ressure  of 1 am., t h e  solu- 
b i l i t y  7 is 
"1 (3-4)  
The a c t i v i t y  coe f f i c i en t  Yl usua l ly  obeys t h e  Setchenow 
equation: 
= ks Cs (3-5)  
where ks i s  t h e  s a l t i n g  coe f f i c i en t .  The s a l t i n g  coe f f i c i en t  is  defined 
i n  t h e  l i m i t  of inf ini te  d i l u t i o n  of  sa l t ;  however, a. (3-5) usual ly  
holds f o r  salt concentrat ions up to  seve ra l  molar. From Eq. ( 3 - 4 )  and 
(3-5)  i t  i s  seen t h a t  f o r  s a l t i ng - in  systems y 
sa l t ing-out  corresponds t o  y 
< 0 and ks < 0, whereas 1 
> 0 and ks > 0. 1 
3 . 1 . 3  Theory 
W e  wish t o  ob ta in  a general  equation f o r  t h e  chemical p o t e n t i a l  
from some fundamental s t a t i s t i c a l  mechanical considerat ions.  Having t h e  
chemical p o t e n t i a l  a s  a func t ion  of temperature, pressure and composition 
- then completely descr ibes  t h e  thermodynamics of any system. The theory 
is developed i n  more d e t a i l  i n  Appendix A and w e  g ive  j u s t  t he  r e s u l t s  
21 
. 
needed here .  - -  I 
i 
A l l  spec ies  i n  t h e  mixture are assumed t o  exh ib i t  pa i rwise  
a d d i t i v i t y  and sphe r i ca l  symmetry and interact via a cut-off Lennard- 
Jones p o t e n t i a l  as shown below: 
This p o t e n t i a l  can be written as the sum of a hard repuls ive  p a r t  and 
a s o f t  attractive p a r t  as: 
where 
h Oij (r) = 
= o  
Using t h i s  po ten t i a l  together  with t h e  results of a modified Percus-Yevick 
hard sphere theory the  general  r e l a t i o n  f o r  t h e  chemical p o t e n t i a l  then 
22 
* becomes : - -  
0. is t h e  hard sphere diameter of spec ie s  i,component 1 i s  t h e  
dissolved gas ,  component 2 i s  w a t e r ,  P is the pressure,  v2 i s  t h e  d ipo le  
moment of w a t e r  and ctl is  t h e  s o l u t e  gas pol ' a r izabi l i ty .  
1 
* 
See Appendix A f o r  d e t a i l s  of derivation-.  
23 
. 
The r e l a t i o n  for t h e  p a r t i a l  molal volume is  given by 
2 
3 5 
5 2 + 
(1 - c3) + 3  (1 - c3) 
where f3 is t h e  isothermal compressibi l i ty  and is  given i n  t h e  appendix. 
The s a l t i n g  c o e f f i c i e n t  is  ca lcu la ted  from t h e  r e l a t i o n  
where Rn y i s  obtained from the  theory as:  1 
(3-10) 
(3-11) 
where t h e  superscr ip t  w r e f e r s  t o  pure water.  
3.1.4 Determination of Molecular Parameters 
I n  order  t o  c a l c u l a t e  t he  thermodynamic proper t ies  of nonpolar 
24 
s o l u t e s  i n  e l e c t r o l y t e  solrutions from the  above modified P-Y theory a 
knowledge of t he  molecular parameters 0 and E/k and experimental d e n s i t i e s  
is necessary. 
To lend some consistency t o  t h e  determination of t hese  para- 
m e t e r s  f o r  t he  s o l u t e  molecules, t he  r ecen t  results of Tee, Gotoh and 
Stewart (15) f o r  smoothed Lennard-Jones p o t e n t i a l  parameters from second 
vir ia l  c o e f f i c i e n t  da ta  w e r e  used. Knowing only c r i t i c a l  constants  f o r  
t h e  nonpolar molecule t h e  molecular parameters can be determined from: 
E/k Tc 10.7500 r 0.5709 W] (3-13) 
Table 3-1 shows the  r e s u l t s  f o r  t he  s o l u t e s  used i n  t h i s  study. Para- 
meters f o r  w a t e r  were determined by t h e  method used by P i e r o t t i  (16), 
and are shown i n  Table 3-2. 
The i o n i c  parameters are more d i f f i c u l t  t o  determine. 
and Gubbins (13) and Masterton and L e e  C14) have assumed c r y s t a l  diameters 
a s  t he  s i z e  parameter f o r  ions.  
t h e r e  is  no apparent reason t o  assume t h a t  t h i s  i s  the  proper s i z e  parameter 
t o  use f o r  ions i n  so lu t ion .  
Shoor 
Other than convenience and a v a i l a b i l i t y ,  
We have, therefore ,  undertaken an extensive study of a l l  ava i l -  
a b l e  gas-alkal i  ha l ide  e l e c t r o l y t e  systems da ta  t o  determine the  ion ic  
diameters i n  so lu t ion  more accu ra t e ly ,  
so  determined were cons i s t en t ly  about 4%'higher  than t h e i r  corresponding 
It was found t h a t  t he  diameters 
25 
- -  
Table 3-1 
Solute Parameters 
Solute 0 Ch d k  (OK) 
He 2.570 10 . 80 
Ne 2.883 33.4 
Ar 3.567 113.7 
Rr 3.818 157.3 
2.960‘ 37.6‘ =2 
3.901 91.8 N2 
3.604 114.2 O2 
3.958 141.6 
4.847 210.7 
























(a) Calculated by method of Denbigh (17) 
(b) 
(c) T. M. Reed and K. E. Gubbins, “Applied S t a t i s t i c a l  Mechanics” 
T. M. Reed, J. Phys. Chem., 59, 428 (1955). 
McGraw-Hill, t o  be published. 
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Parameters for Ions and Water 
(J (5 d k  (OK) 
1.24  4 8 . 3  





4 .48  
3 .20  
4 .98  
6 . 0 3  
6 .82  
7 . 7 4  
2.76 
139.5 
243 .1  
313.0 
391 .0  





85 .3  
24 a x 1 0  an 
0.031 
0.179 




7 .10  
1 .83  
8 .  93b 
16. 6gb 
24 .  4Sb 
3 2 .  21b 
(a) Landolt-Bornstein, "Zahlenwerte und Funktion aus Physik-Chemie- 
Astronomie-Geophysik-Technik," Vol. I, Part 1, 1950. 
(b) Calculated by bond polarizabilities method of Denbigh (17). 
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c r y s t a l  diameter values. --It is, therefore ,  advisable  t o  use a s l i g h t l y  
increased c r y s t a l  diameter as the proper s i z e  parameter f o r  i ons  when 
using the  MPY theory. 
used i n  t h i s  study. 
ca lcu la ted  using t h e  r e l a t i o n  
Table 3-2 shows the  va lues  of i o n i c  0 t h a t  w e r e  
The values for t h e  tetra-alkyl. ammonium ions w e r e  
crystal o+ = 1.04 Q (3-14) 
This r e l a t i o n  appears t o  be genera l ly  v a l i d  f o r  a l l  simple sphe r i ca l ly  
symmetric ions.  
and Table 3-2 shows t h e  value w e  have used f o r  OH-. 
Ions such as OHc do not appear t o  obey t h i s  slmple l a w  
The energy parameter E/k w a s  determined from Mavroyannis- 
Stephen theory f o r  d i spers ion  i n t e r a c t i o n s  and gives  
. 3/2 z1/2 
- 6  
~ 2 4  a 
E = 3.146 x 10'  
d 
(3-15) 
No p o l a r i z a b i l i t y  measurements are a v a i l a b l e  f o r  t he  te t ra -a lkyl  ammonium 
ions; f o r  these  ions va lues  of ci w e r e  estimated from t h e  bond cont r ibu t ion  
method of Denbigh (17) and are included i n  Table 3-2. 
3.1.5 Test of Theory: Sal t ing-Out  Systems 
The theory w a s  t e s t e d  f o r  most alkali ha l ides  and t h e  KOH 
system f o r  which data  were ava i l ab le ;  r e s u l t s  are shown i n  Table 3-3 f o r  
the  salts  L iC1 ,  N a C l  and K I .  Also i nc luded ' in  t h i s  t a b l e  are t h e  r e s u l t s  
given by the  McDevit-Long i n t e r n a l  pressure  theory (7). This theory does 
not proceed from s t a t i s t i c a l  mechanical foundations,  but  assumes t h a t  the  








































































\ o m a m  o m  m m m  h u h  i p z 4 m  co 
l-i 0 0 1  . . . .  . .  ? ? ?  8 0 0 0  
N c n c o u 3  0 -  m m w  N o o c o c o c o  m r l  I m 4 c o  d 
4 0 0 0 0  . . . .  ? ? I  ? ? ?  
a a o  o b d m  m m o a 0  l - io  c o c o o c v  coo 1 m o e  U 
u u o o  a a  
o r l  k 0 ? 4  . -  . .  * o o l - ! l - i  
V I I n h O  c o r n u  FI 43 fi 0 
m 0 4 c - 4  0 4 u  m m c v  h 
O d d r l  r l l - i r l  l - i d c v  rl 
0 . .  . o . .  . . .  
a a o  a 
h N m  a 
a m m u  f - I N U  N * D o \  a\ 
0 0 4 4  4 4 f - I  4 4 4  rl 
o o  (da (d 
p c v f i m a  u 4 4  






n a cv 
W 
8 
a e m I n  a c o c o  N a b  U 
m c o c o m  - 4 0  c v c o m  0 
0 0 0 4  0 0 4 4  4 4 - 4  . * .  . . . .  . . .  
h a m  
c 0 4 m  
0 4 0  . . .  . . .  
a m 0  (d b u m  4 o m a m  a m 0  
m I n C h 4  h C n 0  C h N U  U 
0 0 o f - I  0 0 4  0 4 4  4 
o o o o  ( d a a  
. . . .  . . .  . . .  
n 






















































occupying volume i n  t h e  s s lu t ion .  
nonpolar so lu t e s .  It gives a l i m i t i n g  value f o r  k : 
The theory is only  appl icable  t o  s m a l l  
S 
(3-16) 
The term V ( l i q u i d  molar volume of salt) is  o f t e n  d i f f i c u l t  
to obtain.  In pr inc ip l e ,  t h e  McDevit-Long theory is capable of pred ic t ing  
S 
both sal t ing-out  and sa l t ing- in ;  t h e  l a t t e r  case corresponds t o  V > VI. 
S 
However no systematic study of t h i s  has beenmade, because of t h e  d i f f i -  
cu l ty  of ob ta in ing  Vs. 
give  similar r e s u l t s  f o r  small s o l u t e s ,  but  t h a t  t h e  McDevit-Long theory 
fails  f o r  l a r g e  s o l u t e  molecules. 
From Table 3-3 i t  is  seen t h a t  t h e  two theo r i e s  
Unlike t h e  McDevit-Long theory,  t h e  present  approach is a b l e  
t o  p red ic t  t h e  concentrat ion dependence of t h e  s o l u t e  a c t i v i t y  c o e f f i c i e n t ,  
i n  add i t ion  to  t h e  i n f i n i t e  d i l u t i o n  behavior. Tables 3-4 and 3-5 show 
the  results f o r  t h e  KOH system. Figure 3-1 shows a t yp ica l  result; t h e  
KOH system provides a r a t h e r  r igorous t es t  of t h e  theory because of t h e  
high sa l t  s o l u b i l i t y  and t h e  s t rong  sal t ing-out  na ture  of the  ions.  The 
present  theory gives exce l len t  results up t o  t h e  h ighes t  concentrations.  
Two comparisons with e l e c t r o s t a t i c  theor ies  are a l so  included. The theory 
of Debye and McAulay (6) w a s  t h e  first attempt a t  such a theory,  and i s  
t h e  one on which l a t e r  t heo r i e s  are based. 
much too low a t  high concentrat ions (by a f a c t o r  of 50 f o r  50 w t  % KOH). 
The more recent  e l e c t r o s t a t i c  theory of Conway et a l .  (18) gives  good 
agreement f o r  d i l u t e  e l e c t r o l y t e  so lu t ions ,  bu t  fa i ls  completely a t  
It gives  values of y1 t h a t  a r e  
--
higher concentrations s i n c e  it p r e d i c t s  negat ive s o l u b i l i t i e s .  The 
30 
. 
- -  
Table 3-4 
Salting Coefficients (At infinite dilution) for KOH 
ks 
Deby e-McAulay Conway P-Y Egpt '1. 
0.039 0.094 0.147 0.129 
0.065 0.108 0.176 0.180 
Ar 0.049 0.099 0 -166 0.179 
H2 
*2 
0.73 0.112 0.187 0.197 cH4 
k 4 -  
E 
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Figure 3-1. Activity Coefficients for Salting-Out System - 
Oxygen i n  KOH at 25OC. 
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. 
McDevit-Long theory p red fc t s  results that are very c lose  t o  those  of t h e  
Debye-McAulay theory, and are the re fo re  not  included i n  Figure 3-1. (In 
Figure 3-1 t h e  present  theory has  also been used t o  p red ic t  K1, whereas 
t h e  o the r  t heo r i e s  assume an experimental value for t h i s  quant i ty . )  
0 
3.1.6 Test  of Theory: Sal t ing-In Systems 
Typical of salting-in systems are hydrocarbon s o l u t e s  dissolved 
i n  aqueous so lu t ions  of t e t r a -a lky l  ammonium salts. The te t ra-alkyl  
ammonium ions are capable of producing q u i t e  l a r g e  effects; thus t h e  solu- 
b i l i t y  of benzene i n  a 4M t e t ra -a lkyl  ammonium bromide s o l u t i o n  is about 
140 times greater than i n  pure w a t e r  (19). 
No s a t i s f a c t o r y  t h e o r e t i c a l  explanat ion of these  effects is  
ava i l ab le .  
by taking s p e c i f i c  account of nonpolar i n t e r a c t i o n s  i n  t h e  previously 
proposed e l e c t r o s t a t i c  t heo r i e s  ; t h e i r  theory is q u a l i t a t i v e l y  capable 
of pred ic t ing  sa l t ing- in ,  but  does not  p red ic t  numbers of t he  cor rec t  
order .  Moreover, t h e i r  theory contains  parameters which are d i f f i c u l t  
Bockris -- et a l . (20) attempted t o  account f o r  s a l t i ng - in  
t o  evaluate .  The McDevit-Long theory is  capable of pred ic t ing  sa l t i ng -  
i n  i f  V 
usual ly  of incor rec t  order  of magnitude (21). Other theor ies  (e.g. t h e  
Debye-McAulay) f a i l  t o  p red ic t  even t h e  q u a l i t a t i v e  f e a t u r e  of sa l t ing- in .  
> ?'* however, V 
S S '  S 
is d i f f i c u l t  t o  evaluate, and predic t ions  are 
Figure 3-2 compares theory and experiment f o r  t h e  methane tetra- 
methyl ammonium bromide system. Although t h e  present  theory is an  improve- 
ment over t h a t  of PfcDevit and Long, t h e  p red ic t ion  s t i l l  leaves something 
t o  be des i red ;  t h e  Debye-McAulay theory i s  seen t o  inco r rec t ly  p red ic t  
sal t ing-out  . 
Table 3-6 compares experlmental s a l t i n g  coe f f i c i en t s  with t h e  
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Table 3-6 
Sa l t i ng  Coeff ic ien ts  a t  I n f i n i t e  Di lu t ion  of S a l t  f o r  
and J. H. Hung, J. Phys. Chem., 74, 170 (1970)) 
Sal t ing-In Systems. (Experimental da ta  taken from W. Wen 
-.026 -.040 -.078 -.117 -.162 -.141 +.016 -.155 C2H6 
-.009 -.059 -.041 ~ - 1 5 8  -.111 -.187 +.154 -.248 c3H8 
n-C H +.016 -.074 +.013 -.168 n.032 -.227 +.331 -.286 4 10 
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t he  q u a n t i t a t i v e  agreement is poor i n  most cases. 
(a) as t h e  s i z e  of the  t e t r a -a lky l  ammonium i o n  increases ,  and (b) as t h e  
s i z e  of t h e  s o l u t e  molecule increases .  
t rend  s a t i s f a c t o r i l y .  I n  general ,  t he  pred ic t ions  become poorer as the  
sizes of anions and s o l u t e  increase.  
The sa l t i ng - in  increases  
The theory does not  p r e d i c t  e i t h e r  
The reason f o r  t he  poor performance of t h e  theory i n  these cases 
can be seen from an examination of Eq. (3-11) and t h e  assumptions made i n  
evaluat ing the  term 1.1 I n  general ,  the  hard sphere cont r ibu t ion  t o  p1 1' 
and Rn 1 (p./p ) i n  Eq. (3-11) are p o s i t i v e  numbers, whereas t h e  s o f t  
J W .  
S cont r ibu t ion  i n  vl, given as t h e  last two terms of  Eq. (3-8) is negat ive.  
The p o s i t i v e  terms are given by the  theory with good accuracy (13); 
several approximations were introduced t o  ob ta in  1.1 however. For sa l t i ng -  
b u t  systems the  posi t2ve t e r m s  i n  Eq. (3-11) dominate the  py term to  
S 
I' 
S produce p o s i t i v e  values  of Rn yl; thus t h e  e r r o r s  i n  ca l cu la t ing  1.1 term 1 
are not too ser ious .  I n  the  case of s a l t i ng - in  systems, however, t he  
p o s i t i v e  and negative terms i n  Eq. (3-11) are of s i m i l a r  magnitude; 
because of the  r e s u l t i n g  cance l la t ion  of terms,!h y 
e r r o r s  i n  ca lcu la t ing  1.1 Thus, improvements i n  pred ic t ions  f o r  these  
systems m u s t  come from an improvement is t h e  theory f o r  t he  pl term. A 




study of t h i s  aspect  of the  theory is  now underway. 
3.1.7 Part ia l  Molal Proper t ies  
The par t ia l  molal heat  of so lu t ion ,  A%, provides a q u a n t i t a t i v e  
1 measure of t h e  temperature dependence of 1.1 and is  given by 
(3-17) 
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Figure 3-3 shows a t y p i c a l  comparison of t h e o r e t i c a l  and 
p red ic t ed  va lues  of AEl .  
t hose  found experimentally. 
I n  genera l  t h e  theory p r e d i c t s  va lues  above 
This w a s  a t t r i b u t e d  t o  t h e  assumption of 
r i g i d  co re  p a r t i c l e s .  The real p a r t i c l e s  do not possess r i g i d  cores,  
and t h e  "effective r i g i d  co re  diameter" might be  expected t o  decrease 
as the temperature is  r a i s e d  because of t h e  inc rease  i n  molecular 
k i n e t i c  energy. 
ing ai f o r  each of t h e  molecules and ions  involved t o  decrease by 0.01 A 
over a temperature range of 6OOC. 
To test t h i s  t h e  c a l c u l a t i o n  of AZl w a s  repeated, allow- 
0 
(This p a r t i c u l a r  f i g u r e  of  0.01 
w a s  suggested by ca l cu la t ions  of a2 f o r  w a t e r  repor ted  by P i e r o t t i  (12) 
a t  two temperatures.) The r e s u l t i n g  improvement is shown i n  Figure 3-3 
and i n d i c a t e s  t h a t  t h e  assumption of r i g i d  cores l eads  t o  e r r o r s  when 
-one c a l c u l a t e s  t h e  temperature dependence of thermodynamic p rope r t i e s .  
A r ecen t  pe r tu rba t ion  theory by Barker and Henderson (22) 
\ and t h e  high temperature equation of s ta te  s t u d i e s  of Rowlinson have 
shown t h a t  t he  temperature dependence of t h e  hard core can be  adequately 
expressed as 
Figure  3-3 shows t h i s  temperature dependence and it obeys q u i t e  c lose ly  
t h e  a r b i t r a r y  va lues  of temperature dependence t h a t  w e  have chosen. A 
study of t h e  use of t h i s  equation f o r  temperature dependent p r o p e r t i e s  
is now underway. 
A q u a n t i t a t i v e  measure of t h e  pressure  dependence of y is 1 
given by t h e  p a r t i a l  molal volume ( see  Eq. (A-20)).  The theory does 
an  exce l l en t  j o b  of p red ic t ing  f o r  gases d isso lved  i n  pure w a t e r ,  1 
38 
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I using Eq. (3-9) and (A-263. 
Figure 3-4 shows t h e o r e t i c a l l y  pred ic ted  p a r t i a l  molal volumes 
of methane i n  two salts. 
increas ing  sa l t  concentrat ion i n  the  case o f  s a l t i n g - o u t  systems (e.g. 
The theory p r e d i c t s  t h a t  vl decreases with 
CH /ROB), whereas it increases  f o r  s a l t i ng - in  systems (e.g. CH4/Bu4NBr). 4 
Except f o r  t h e  O2 i n  KOH, results reported i n  t h e  next sec t ion .  
experimental va lues  of 
present ,  so t h a t  these  pred ic ted  t rends await  experimental v e r i f i c a t i o n .  
No 
are a v a i l a b l e  f o r  e l e c t r o l y t e  so lu t ions  a t  
3.1.8 Conclusions 
The theory s a t i s f a c t o r i l y  p r e d i c t s  t h e  concentrat ion and 
pressure  dependence of a c t i v i t y  coe f f i c i en t s  of nonpolar s o l u t e s  d i s -  
solved i n  e l e c t r o l y t e  so lu t ions  when sa l t ing-out  occurs. I n  its present  
form t h e  theory does not  q u a n t i t a t i v e l y  p red ic t  the p rope r t i e s  of s a l t i n g -  
1' i n  systems, nor t h e  temperature d e r i v a t i v e  of Y 
The p r i n c i p a l  advantage of t h e  theory is t h a t  i t  is  f i rmly  
based i n  statis t i c a l  mechanics. Consequently t h e  approximations involved 
a r e  c l e a r l y  def ined and amenable t c  improvement. Current work involves 
(a) an e f f o r t  t o  improve t h e  p red ic t ion  of AE 
core approximation, and (b) an e f f o r t  t o  improve t h e  desc r ip t ion  of 
s a l t i ng - in  systems by improving t h e  ca l cu la t ion  of us 
by studying the  r i g i d  1 
1' 
3.2 Exp er imental  Determinations of P a r t i a l  ?lola1 Volumes of Gases 
i n  E l e c t r o l y t e  Solut ions 
7- 
Some results on t h e  experimental determinations of p a r t i a l  
molal volumes of 0 i n  KOH s o l u t i o n s  have been obtained. Addit ional ly ,  2 
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3.2.1 P a r t i a l  -Molal Volumes of O2 i n  KOH 
The experimental problems i n  t h e  determination of as dis-  
Figure 
1 
cussed i n  the l a s t  r epor t  have made experimental progress  slow. 
(3-5) shows the  results of vl f o r  KOH so lu t ions .  
the s a l t i n g - o u t  system KOH Vl for O2 decreases with increasing ion ic  
concentration. This t rend  is w h a t  is t h e o r e t i c a l l y  predicted as w e l l .  
It is seen t h a t  f o r  
However, we  need t o  examine more sal t ing-out  systems before  w e  can deter-  
mine whether t h i s  is  a general  t rend  f o r  a l l  sa l t ing-out  systems. W e  
are present ly  t ry ing  t o  ob ta in  da ta  on the  H2-KOH system but  i t  seems 
t h a t  a s l i g h t  modif icat ion of t h e  system w i l l  be  necessary to  accura te ly  
determine these  values .  Thereafter we  hope. to  examine of gases i n  
the sa l t i ng - in  tetra-alkyl ammonium salts .  
1 
I n  t h e  present  development of t h e  theory f o r  vl w e  have been 
using a t h e o r e t i c a l l y  pred ic ted  
thermal compressibi l i ty ,  6, t h a t  is derived from a pure hard sphere theory. 
which uses an equation f o r  the i so -  1 
W e  have recent ly  been examining equations f o r  B based on a more r e a l i s t i c  
assumption f o r  t h e  equation of state. This modified equation of s ta te  
is cons is ten t  with the  o the r  p a r t s  of t h e  theory i n  t h a t  it is  a f i r s t  
order  equation. This equation f o r  P is: 
(3-19) 










I 1 I I 1 
0 1 2 3 4 5 
Figure 3-5. Partial Molal Volume of O2 in KOH -Ekperimental Values 
- - - - Theory. 
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An equation for t h e  isothermal compress ib i l i ty  can then  be  
derived from th is  equation of state and gives: 
(3-20) 
where 
This equation when used i n  the  theory  for Fl gives  t h e o r e t i c a l  
results t h a t  appear t o  obey t h e  concent ra t ion  dependence of  7 
w e l l .  
q u i t e  1 
3.2.2 P o l a r i z a b i l i t i e s  of  Salt ing-In Ions 
As w a s  described i n  t h e  last r e p o r t  one of t h e  d i f f i c u l t i e s  
i n  t h e o r e t i c a l l y  descr ib ing  t h e  thermodynamic behavior of t h e  t e t r a - a l k y l  
ammonium salts  is  t h a t  t h e r e  exists no da ta  on i o n i c  p o l a r i z a b i l i t i e s  
f o r  t hese  sal ts .  W e  have the re fo re ,  undertaken a p r o j e c t  t o  determine 
these  values experimentally. The i n i t i a l  d a t a  taken has shown t h a t  
s l i g h t  experimental e r r o r s  tend t o  be  magnified i n  t h e  f i n a l  va lues  of 
ai. Hence, w e  are r e c a l i b r a t i n g  t h e  Brice-Pheonix re f rac tometer  using 
a s e n s i t i v e  r e f r a c t i o n  cel l  w i th  t h e  hopes t h a t  our  experimental e r r o r  
can be g r e a t l y  reduced. 
e t h y l ,  propyl,  bu ty l  t e t r a -a lky l  ammonium bromides wi th in  a f e w  months. 
W e  should have f i n a l  r e s u l t s  on the  methyl, 
Having the  values of ct w e  can then begin t o  study t h e  o t h e r  anomolous i' 
44 
behavior of these salts more closely,  including using these salts as 
additives to  strongly salting-out systems as a possible  means of 
increasing the so lubi l i ty .  
45 
4.0 THE HARD SPHERE KINETIC THEORY 
The k i n e t i c  theory is derived from a considerat ion of the  
bas ic  mechanism of molecular i n t e rac t ions .  
descr ibe exact ly  t h e  t ranspor t  p rope r t i e s  of d i l u t e  gas (23). Enskog (24) 
Such a theory w a s  found t o  
extended t h e  k i n e t i c  theory t o  higher dens i ty  f o r  s i n g l e  component systems 
by modeling molecules which cons is ted  of hard spheres and by cor rec t ing  
f o r  t h e  presence of pos i t i on  co r re l a t ion  by introducing the  func t ion  
g(a). Further  development of t h i s  theory was  hindered by the  l a c k  of 
knowledge of g(a) .  Recent publ ica t ions  of so lu t ion  of t h e  Percus-Yevick 
theory f o r  g(o) (25-27) have revived t h e  i n t e r e s t  of many workers (28-30) 
on t h e  k i n e t i c  theory. 
4.1 Exp  r e s s ion  f o r  Multicomponent Diffusion Coeff ic ients  
Tham and Gubbins (31), derived from the  modified Boltzmann 
equation (Appendix B) , a n  expression f o r  multicomponent d i f fus ion  coeffi- 
c i en t s .  Their expression is 
-1/2 + n i g i j  
IllIl.V 
ninRgi.6i. = - I  ' (n .m.1  where Fij nn V R j i g  J' J i j  
D = multicomponent d i f fus ion  coe f f i c i en t  of species  j due t o  
jR 
gradient  of R, i n  t h e  m a s s  average frame. 
46 
- -  I 
m2 
n = number dens i ty  of spec ies  i i 
n = I n i  
ff 
= mass per  molecule of species R 
i 
= hard sphere diameter of species i i 
ai + ag 
2 f f =  i R  
It is  noted t h a t ,  i n  t h e  case where one component (component 1 
for  example) i s  i n f i n i t e l y  d i l u t e ,  then 
= o  for j ic 1 '1 j 
a l so  the  d i f f u s i o n  c o e f f i c i e n t  i n  t h e  mass average frame i s  equal t o  t h a t  
i n  t h e  volume average frame. 
4.2 Calcula t ion  
The procedure used by Tham and Gubbins (31) f o r  ca l cu la t ing  
47 
d i f fus ion  coe f f i c i en t  i s - t o  ob ta in  hard sphere diameters f o r  t h e  d i l u t e  
spec ies  (gas) and water from se l f -d i f fus ion  coe f f i c i en t  da ta  (23), 
and using Pauling i o n i c  r a d i i  f o r  t h e  ions. I n  t h e  case of simple 
e l e c t r o l y t e s ,  t h i s  method of ca l cu la t ion  gives  r e s u l t s  i n  reasonable 
agreement with experimental r e s u l t s  (2,32).  Using the  same set of 
parameters, unfortunately does not g ive  as good an agreement f o r  KOH 
and LiOH. This may be due both t o  t h e  s t r u c t u r e  breaking na tu re  and 
t h e  hydrat ion formation na ture  of KOH molecules i n  aqueous so lu t ion  (33). 
Figures 4-land 4-2 show comparisons between experimental and ca lcu la ted  
values  using parameter shown i n  Table 3-1. 
is wi th in  experimental e r ro r .  
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Figure 4-1. Diffusion Coeff ic ien ts  of Oxygen i n  Lithium Hydroxide 
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Figure  4-2, Diffusion Coeff ic ien ts  of Oxygen i n  Potassium 
Hydroxide Solu t ion  a t  2 5 O C .  




5.0 VAPOR PRESSURE OF STRONG ELECTROLYTES 
5.1 Binary System (K2C03-H20, KOH-H20 and LiOH-H20) 
Experimental measurements of t h e  vapor p re s su re  of the systems 
KOH-H20, and LiOH-H20 performed i n  this and o t h e r  l a b o r a t o r i e s  have been 
repor ted  previously (34,35). 
t h e  Antoine equation. The r e s u l t a n t  parameters w e r e  a l s o  repor ted  ( 3 4 , 3 6 ) .  
These experimental da t a  w e r e  used t o  f i t  
5.1.1 Antoine Parameter f o r  K2C03-H20 
I n  t h e  following, t h e  vapor p re s su re  d a t a  f o r  K2CO3-H20 system 
(37) w a s  f i t t e d  by means of the Antoine equation 
where P i s  vapor pressure  i n  mm Hg, T is t h e  temperature i n  O C ,  and A, 
By and C are constants t h a t  vary  wi th  K CO concentration. The method 
described i n  r e fe rence  34 w a s  used. Table 5-1 g ives  the  va lues  of A, 
By and C which g ive  t h e  b e s t  f i t  t o  Eq. (5-1). The s a m e  ,problem, t h a t  
of t h e  smoothed Antoine cons tan ts  no t  g iv ing  accu ra t e  vapor pressures ,  
w a s  encountered. Here t h e  problem w a s  somewhat aggravated by t h e  f a c t  
t h a t  t h e  vapor pressures  w e r e  experimentally measured a t  only f ive 
concentrations and t h e  rest w e r e  i n t e rpo la t ed  values.  
2 3  
Our b e l i e f  is  t h a t  t h e  problem is two-fold: 1 )  t h e  inaccuracy 
of t h e  da t a ,  2) t h e  shortcomings of t h e  Antoine model. Consequently, 
work w i l l  be undertaken t o  ob ta in  b e t t e r  vapor pressure  measurements 
through t h e  use  of a n  accu ra t e  monometer. 
der iv ing  a more s u i t a b l e  theore t ica l -empir ica l  model f o r  vapor pressures .  
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Table 5-1 
Antoine Coefficients for K2C03 
l0%o C + T  
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Another source of d a t a  i s ' t h a t  by Ravich et  a l .  (38), who 
repor ted  vapor p re s su re  f o r  K CO -H 0 system over  a temperature range 
of 250" t o  45OOC and concent ra t ion  up t o  81 w t  X K CO 
I 
2 3 2  
2 3' 
5.1.2 mhring: P l o t s  
Tables 5-2 - 5-4 summarize t h e  information w e  now have 
a v a i l a b l e  on  t h e  KOH-H20, K CO -H 0 and LiOH-H20 systems. 
p l o t  f o r  KOH-H20 was  a l s o  g iven  i n  Figure 5-1. 
are a v a i l a b l e  f o r  t h e  system KOH-H20 ( 3 9 ) .  
methods t o  o b t a i n  t h e  a c t i v i t y  c o e f f i c i e n t s  of t h e . o t h e r  e l e c t r o l y t e s .  
The Diihring 2 3 2  
A c t i v i t y  c o e f f i c i e n t s  
Work is planned t o  f i n d  
5.2 Ternary System K2C03-KOH-H20 
Experimental d a t a  f o r  t h e  vapor p re s su re  of t h e  t e rna ry  system 
K CO -KOH-H 0 are scarce. Recently, Kamino e t  a l .  (40) repor ted  da ta  
f o r  t h i s  system over a l i m i t e d  range of concent ra t ions  and temperatures. 
A few measurements on t h i s  system w e r e  a l s o  made i n  t h i s  labora tory  
2 3  2 
using t h e  i s o p i e s t i c  method. Table 5-5 summarizes a l l  t h e  da t a  measured 
i n  t h i s  labora tory .  Figures 5-2 t o  5-5 g ive  t h e  Diihring p l o t s  f o r  t h i s  
system. 
The number of v a r i a b l e s  involved i n  such measurement is  l a r g e ,  
hence t h e  number of measurements one h a  t o  make w i l l  be enormous. A t  
t he  present  moment, i n  t h e  l a c k  of ex tens ive  experimental da t a  i t  is 
des i r ab le  t o  study t h i s  problem from t h e  t h e o r e t i c a l  po in t  of v i e w .  The 
approach used is t o  calculate t e rna ry  vapor p re s su re  from a knowledge 
of binary vapor p re s su re  of t h e  c o n s t i t u t i n g  substances. The model 
proposed is simple and p l a u s i b l e ,  and t h e  results are q u i t e  encouraging. 
5.2.1 Calcula t ion  of Ternary Vapor Pressure  
Consider a non-ideal l i q u i d  s o l u t i o n  i n  contac t  with a vapor 
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- -  Table 5-2 
A c t i v i t y  Coefficients of KOH 
20" c -
,ctivity Coeff i c  























































































































































































































































































































































- -  Table 5-3 








































































































































































































































































































































- -  T a b l e  5 ~ 3  
(Cont inued)  
7OoC 
Act, J i t y  
Coef f ic ient  































































































































































- -  Table 5-3 
(Continued) 
Act iv i ty  
Coeff ic ien t  
































































































































































- -  Table 5-4 
Ac t iv i ty  Coeff ic ients  of LiOH 
Ac t iv i ty  
Coeff ic ien t  
H2° W t  X Mole F rac t  Molali ty Molarity Density 
~~ - 
1.90 .0143 ,809 .809 1.0192 .9885 
3.85 ,0292 1.672 1.673 1.0406 .9789 
6.45 .0492 2,879 2,877 1.0683 .9539 
8.05 .0618 3.656 3.648 1.0852 .9478 
10.10 .0779 4.692 4.668 1.1067 .9269 
40°C . -  . 
1.90 .0143 .809 ,805 1.0144 .98 81 
3.85 ,0292 1.672 1.665 1.0355 ,9712 
6.45 .0492 2.879 2.863 1.0629 .9586 
8.05 .0618 3.656 3.629 1.0795 .9445 
' 10.10 ,0779 4.692 4.642 1. LO06 .9131 
6OoC 
2.40 ,0181 1.027 1,014 1.0115 .9825 
4.82 .0367 2.115 2,087 1.0372 .9715 
6.45 ,0492 2.879 2.839 1.0542 .9639 
8.52 ,0655 3.889 3.826 1.0754 ,9515 
10.20 .0787 4.743 4.655 1.0928 .9383 
80°C -
1.90 .0143 .809 .791 .9962 .9887 
3.85 .0292 1.672 1.635 1.0173 .9709 
6.45 .0492 2.879 2.858 1.0611 .9585 
8.05 .0618 3.656 3.565 1.0605 .9527 
10.10 .0779 4.692 4.561 1.0813 .9525 
100" c 
7
1.90 .014 3 .809 .9770 
3.85 .0292 1.672 .9417 
6.45 .049 2 2.879 ,8834 
8.05 .0618 3.656 .8441 
























1. 17.822 M KOH 
2. 10.633 M KOH 
3. 7.128 M KOH 
4. 3.563 M KOH 
5 .  Pure Water 
0 20 40 60 80 100 120 
Boiling Po in t  of Water 
Figure 5-1. Dzhring P l o t  for KOH-H20 
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- -  Table 5-5 
Vapor P r e s s u r e  of Water Over KOH-K,CO, Solu t ions  
L 3  
T = 25.OO0C 
Vapor 







































































= 23.76 mm Hg 0 pH20 















































All w t .  % f i g u r e s  average of 3 experiments  (not  3 a l i q u o t s ) .  
I s o p i e s t i c  method: K C 1  s o l u t i o n  brought  t o  equ i l ib r ium w i t h  KOH-K GO 
s o l u t i o n ,  and f i n a l  concen t r a t ions  determined by t i t r a t i o n .  Vapor 
p r e s s u r e s  taken from I n t e r n a t i o n a l  C r i t i c a l  Tables .  
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8.911 M KOH, 1.75 M K2C03 
5.346 M KOH, 1.75 M K2C03 
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0 20 40 60 . 80 100 120 
Boi l ing  P o i n t  of Water 
Figure  5-5. D h r i n g  P l o t  for KOH-K GO -H 0 2 3 2  
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phase. For any component- i 
G L  
f i  = f i  (5-2) 
where s u p e r s c r i p t s  G and L refer t o  t h e  gas and l i q u i d  phase and f 
is t h e  fugac i ty  of component i. I n  our reg ion  of i n t e r e s t ,  near atmos- 
phe r i c  pressure ,  t h e  gas phase is  e s s e n t i a l l y  i d e a l  and 
i 
(5-3) 
G f i  = Pi 
t h e  fugac i ty  can be replaced by t h e  p a r t i a l  p ressure .  
i n  t h e  l i q u i d  phase is given by 
The fugac i ty  
L fS (5-4) f i = x. Y i  i ,  
1 
S where y 
For water t h e  standard s ta te  is  pure l i q u i d  a t  t h e  same temperature 
and p res su re  as t h e  mixture, i .e. i t s  pure component vapor p re s su re  
a t  t h e  temperature of i n t e r e s t .  Cornbilling Equations (5-2), (5-3) , and 
(5-4) with  t h e  above l eads  t o  
i s  t h e a c t i v i t y c o e f f i c i e n t  and f 
i i .  
is  t h e  standard s ta te  fugac i ty .  
0 Pi - xi yi p (5-5) 
where Po is  t h e  pure component vapor pressure.  
t h e  s o l u t e  is non-volati le,  Eq,  (5-4) also descr ibes  t h e  t o t a l  vapor 
Since i n  our systems, 
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pressure of t h e  solution.- 
For a binary s o l u t i o n  of w a t e r  and non-volat i le  so lu t e :  
- 1000. h8 .015  
xw (1000./18.015) + m (5-6) 
where x i s  t h e  mole f r a c t i o n  of w a t e r  and m is  t h e  mola l i ty  of t h e  
so lu t e .  
W 
descr ibes  t h e  a c t i v i t y  coe f f i c i en t  of w a t e r  i n  t h e  above binary so lu t ion  
w h e r e  Pw is  t h e  p a r t i a l  p ressure  of the water above the  so lu t ion ,  i .e. 
t h e  vapor pressure of t h e  so lu t ion .  
It has been postulated t h a t  knowing t h e  mola l i t i e s  and vapor 
pressures  of two such binary so lu t ions ,  t he  vapor pressure of t h e i r  
mixture could be predicted,  thus allowing p red ic t ion  of t h e  vapor pressure 
of a te rnary  so lu t ion  from t h e  ind iv idua l  component so lu t ion  vapor 
pressures  ( 4 0 ) .  
P m + P2m2 
m + m  
- 11 
p3 - 1 2  
2 where P3 r e f e r s  t o  the  vapor pressure  of the  te rnary  so lu t ion ,  P1 and P 
t o  the  vapor pressures  of t h e  two binary so lu t ions ,  and m and m t o  
t h e i r  m o l a l i t i e s .  Pu t t ing  t h i s  i n  terms of mole f r ac t ions  a n d a c t i v i t y  




y x m ~ O + y x m ~ O  111 2 2 2  
m + m2 Y3 '5 Po = 1 
bu t  
(5-9) 
(5-10) 
s u b s t i t u t i n g  Eq. (5-9) i n t o  Eq. (5-8) and so lv ing  €or  y y i e l d s  3 
(5-11) 
1000 
18.015 "1 where: x =  
1000 
18.015 + m2 
g =  
thus g iv ing  t h e  a c t i v i t y  c o e f f i c i e n t  f o r  water i n  a t e rna ry  s o l u t i o n  as 
a func t ion  of t h e  component binary s o l u t i o n s '  a c t i v i t y  c o e f f i c i e n t s  and 
m o l a l i t i e s .  
inte-rested i n  vapor pressures  of t h e  t e rna ry  so lu t ions  d i r e c t l y .  
The following would be  a more convenient form f o r  those  
(5-12) 
thus t h e  vapor p re s su re  could be found by mul t ip ly ing  Eq. (5-11) by t h e  
pure component vapor p re s su re  P . 0 
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Eq. (5-7) would have the m o s t  p r a c t i c a l  i n t e r e s t ,  whi le  
Eq. (5-ll) should have some t h e o r e t i c a l  interest. 
Sample Calcu la t ion  
Mixture composition - 417.4 g K2C0i ,  343.3 g KOH, 1000 g H20 
m = 417.4/138.2 = 3.02 moles/500 g => 6.04 molal K2C03 1 
= 343.3/56.1 = 6.12 moles/500 g =-> 12.24 molal  KOH m2 
exper b e n t  a1 
P1 = 93 mm Hg 
P2 = 55 mm Hg 
Using Eq. (5-8) 
experimental = 72 mm Hg 
t o  f i n d  t h e  a c t i v i t y  coe f f i c i en t  of w z t e r  on a te rnary  mixture  from 
individual s o l u t i o n  a c t i v i t y  coe f f i c i en t :  
x = ,902 y1 = ,691 Y = 67.75 1 m = 6.04 1 
x = ,819 y2 = .'450 x = 61.55 2 m2 = 12.24 
Using Eq. (5-11) 
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yg = .528 
This method has been shown accurate  t o  individual  component 
binary mixture concentrations of as high as 10  molal i n  KOH and 6 molal 
i n  K2C03. 
range of a p p l i c a b i l i t y .  
Further s tud ie s  w i l l  be  undertaken t o  determine t h e  f u l l  
One precaut ion must be taken when working with te rnary  solu- 
The m o l a l i t i e s ,  t i o n s  t h a t  are already mixed, t h e  usual  a p p l i c a b i l i t y .  
"1 and m 
s o l u t i o n  which contained 6 gram moles KOH and 3 gram m c l e s  K CO 
1000 grams of w a t e r  would be t r e a t e d  a s  12  molal i n  KOH and 6 molal i n  
K CO 
r e f e r  t o  t h e  individual  m o l a l i t i e s  before  mixing. Thus, a 2' 
i n  2 3  
r a t h e r  than 6 molal i n  KOH and 3 molal i n  K2C03. 2 3  
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6.0  PHYSICAL PROPERTIES-OF THE TERUARY SYSTEM: KOH-K2C03-H20 
6.1 Phase Equilibrium 
6.1.1 Binary System: KOH-H20 
~ 
The so l id - l iqu id  phase e q u i l i b r i a  of KOH-H 0 covering a 2 
s i g n i f i c a n t  range of concentrations w e r e  repor ted  by several au thors  
(41-45). 2 3  
l a t te r  present  mainly a t  low temperatures, t h e  former form of hydra te  
The hydrates observed are KOH.H20 and KOH.2H 0 whi le  t h e  
predominates above 25OC. The Eu tec t i c  is a t  100.4"C and 85%. 
Solvay (43), Vogel e t  a l .  (33), Mashovets e t  a l .  (45) 
and Merkel (46) repor ted  vapor p re s su re  f o r  aqueous as w e l l  as molten 
KOH-H20. 
Antoine equation was  a l s o  repor ted  by Walker (34). 
An attempt t o  f i t  experimental r b s u l t s  by means of t h e  
6.1.2 Binary System: K2C03-H20 
The so l id - l iqu id  equilibrium f o r  t h i s  system has been 
s tud ied  (47-53). The most ex tens ive  study is  t h a t  of Carbonnel 
who repor ted  t h e  complete phase diagram from -36" t o  +6OC and a t  
48 
135OC (Normal b o i l i n g  po in t  of s a t u r a t e d  K2C03 s o l u t i o n ) .  The hydra tes  
formed are: 
147°C. 
has a very narrow domain w a s  i d e n t i f i e d .  The e u t e c t i c  po in t  is  a t  
K CO .5H20 below -5OC, K CO .1.5H20 between -6OC and 2 3  2 3  
Between 147" and 153OC, a t h i r d  hydra te ,  K CO .0.5H203 which 2 3  
-36.4"C, with 40.4% K2C03. H i l l ' s  (53) conclusion t h a t  below -5'C, 
t h e  hydra te  is K2C03.6H20 has been disputed by Carbonnel (48), who 
took pa ins  t o  v e r i f y  t h a t  t h e  s o l i d  phase below -6OC is  K CO .5H20 
r a t h e r  than K CO .6H20, using both t h e  "Ensemble" method and t h e  2 3  
"Thermic" method. 
2 3  
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. 
Toshi -- e t  al.-(54) a l s o  repor ted  l iqu id-so l id  equilibrium 
d a t a  f o r  20, 30, and 40% K2C03. 
A b r i e f  d i scuss ion  on t h e  vapor p re s su re  of t h i s  system 
is given i n  Chapter 4 .  
6. I. 3 Ternary System : K2eO3-ROH-H20 
The e a r l y  r epor t  on t h e  so l id - l iqu id  equilibrium d a t a  by 
Green e t  a l .  (55) and I t k i n a  (56) are not i n  complete agreement with --
each o the r .  
Recently, Carbonnel (48,571 repor ted  d a t a  on t h i s  system 
a t  -22", 30.7"C and from -60° t o  14OoC, Hostalek and Kasparova (58) 
s tud ied  t h i s  system f o r  temperature range from 20" t o  100°C; o t h e r  
i n v e s t i g a t o r s  are Kamino and Miyaji  (59) (from O o  t o  90°C), and 
Klebanov and Pinchuk (60) (at O", 25" and 50OC). Comparison between 
d a t a  given by these  au thors  , however . does not  reveal any d iscrepancies .  
The hydra t e  Tbserved confirmed those  repor ted  f o r  t h e  binary systems 
discussed above. 
very narrow. It is observed t h a t ,  the a lka l i  KOH showed a very s t rong  
The domain f o r  t h e  hydra te  K2C03.0.5H 0 is  aga in  2 
sa l t i ng -ou t  e f f e c t .  Consequently, t h e  concent ra t ion  of K CO decreases 2 3  
r ap id ly  as KOH concentration inc reases .  One i n t e r e s t i n g  observa t ion  
made by Kamino and Miyaji  (591, is  t h a t  t h e  t o t a l  potassium i o n i c  
concent ra t ion  remains p r a c t i c a l l y  cons tan t  a t  a given temperature, i n  
t h e  s a t u r a t e d  te rnary  s o l u t i o n s ,  and increases  s l i g h t l y  wi th  temperature. 
So f a r  no explanation has  been advanced Figure 6-1 shows a t y p i c a l  
, so l id - l iqu id  phase diagram, and Tables 6-1 - 6-4 g ive  t h e  experimental 
d a t a  repor ted .  
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wt % KzC03 
Figure 6-1. Solid-Liquid Phase Equilibrium f o r  KOH-K CO -H 0 .  2 3 2  
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- -  Table 6-1 
Solid-Liquid Equilibrium f o r  KOH-K CO -H 0 
Isotherm a t  30.7"C 
2 3 2  
So lu t ion  
Conc . Liquid So l id  Solu t ion  Liquid Phase Phase Conc . Phase 
Conc . Conc . 
Sol id  
Phase 
53.31* K2C03. 1. 5H20 4.45 2.38 
0.00 53.50 55.03 
K2C03. 1. 5H20 
5.13 2.40 
8.20 53.65 54.70 
( 1  43.00 
KOH. 2H20 


































0.87 1.00 11.67 
35.90 56.20 55.38 
11 26.36 
28.79 






29.84 9.22 $1 6.47 2.38 K2C03.1.5H20 
27.40 38.00 55.28 55.51 ROH . 1H20 
40.04 8.31 3.20 2.37 
23.29 39.80 57.72 55.60 
I 1  11 
* 

























- -  
Solid Solution 






































- -  Table 6-2 






















L 3  
Isotherm a t  0.45"C 
S o l i d  
Phase 
K2C03. 1. 5H20 
I 1  
I! 
11 
I t  
i t  
11 




































So l id  
Phase 
K CO .1.5H20 2 3  
11 
I 1  
11 
I 1  
K2C03. 1. 5H20 
KOH . 2H20 
11 
11 
KOH . 2H20 
KOH .2H 2O 
* 
F i r s t  f i g u r e  represents w t  % K CO the second that  of KOH 2 3' 
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Solid-Liquid Equilibrium for KOH-K CO -H 0: 
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K2C03 KOH KOH '2"3 
40 (0.00) (53.9) c c 
0.0 53.9 r c 
K2C03 3/ 2 H20 
11 
11 4.2 49.1 r P 
9.5 42.4 6.0 52.5 11 
11 14.8 35.8 P c 
26.9 22.1 " - 11 
34.2 14.3 I? c 11 
- 42.9 6.0 r- 11 
45.3 5.4 17.9 52.6 11 
11 53.8 3.4 21.1 52.1 
53.8 3.4 14.2 62.6 I? 
56.0 2.5 38.9 29.2 K2CO3 * 3/ 2 H20 
+KOH * H20 
KOH H20 57.2 1.4 64.0 0.8 
(57.79) (0.00) v c 11 
K2CO3 3/2 H 2 0  
11 6.3 48.5 * - 
8.9 45.1 6.7 55.7 11 
13.9 39.1 P c I? 
21.3 30.8 I- - 11 
34.2 16.5 r c 11 
11 42.5 10 .2  19.8 49.5 




Temp. Saturated Solution Solid Phase 
("C) Liquid Conc . 





































































A study of t h e  so l id - l iqu id  equi l ibr ium f o r  molten 
K CO -KOH system w a s  made by Cohen-Adad .et&. (61). 
showed a polymorphique t ransformation of KOH a t  242OC and a l s o  a 
Their  r e s u l t s  2 3  
e u t e c t i c  of K2C03-KOH wi th  22% K2C03 w a s  observed .a t  360°C. 
(62) and Unzhakov (63) i n  their  works ohserved a second t r a n s i t i o n  
Diogenov 
of t h e  KOH a t  375OC. On t h e  o the r  hand J a f f r a y  and Martin (64),  
repor ted  two t r a n s i t i o n s  f o r  t h e  carbonate  a t  4 1 O O C  and 465°C 
re spec t ive ly .  However, they are second order  phenomena. 
Again t h e  s tudy of  t h e  te rnary  vapor pressure ,  by Walker 
and Kamino e t  al:  is  discussed i n  Chapter 4 .  
6.2 Electr ical  Conductivity 
A study of  t h e  electrical  conduct ivi ty  of an e l e c t r o l y t e  
i s  essential for evaluat ing i t s  p o t e n t i a l  as a fue l - ce l l  e l e c t r o l y t e .  
Accurate measurement of t h i s  quan t i ty  is both d e s i r a b l e  and important.  
A few measurements w e r e  repor ted  on t h e  binary systems of KOH-H 0,  
K CO -H 0 and t h e  te rnary  system K2C03-KOH-H20. 
2 
2 3 2  
6.2.1 Binary System: KOH-H20 
Vogel e t  a l .  (33) and Klochko and Godina (65) s tud ied  t h e  --
electr ical  conduct ivi ty  of KOH-H 0 f o r  a temperature range of 50" t o  
220°C and concentrat ion range of zero to  s a t u r a t i o n .  The r e s u l t s  of 
2 
both teams of i nves t iga to r s  agreed c lose ly  for da ta  a t  150°C and 
175"C, bu t  t h e i r  da t a  disagreed a t  lower temperatures.  
(66,671 inves t iga ted  the  effect of p re s su re  on t h e  electrical  conduc- 
Horne et a l .  --
tance of KOH so lu t ion .  Their r e s u l t s  were found t o  agree  wi th  those  
of Hamann and St rauss  (68) a t  high pressure ,  b u t  t h e r e  is  considerable  
discrepancy a t  low pressure.  As i n  a l l - s t r o n g  e l e c t r o l y t e s ,  t h e  
83 
s p e c i f i c  conductance of KOH s o l u t i o n  first increase ,  then decrease 
with increase  i n  pressure.  The l a t t e r  is due t o  t h e  increas ing  
v i s c o s i t y  of t h e  so lvent .  I n  the  case of KOH t h i s  decrease is less 
pronounced than o the r  s a l t s  (66,68). 
6.2.2 Binary System: K,CO,-H,O 
Krmoyan (69) s tud ied  t h e  conductivity of K2C03 so lu t ion ,  
whereas Manelyan -- e t  a f .  (70) repor ted  t h e i r  experiments on t h e  e f f e c t  
of temperature on t h e  electrical  conductivity on t h i s  system. 
6.2.3 Ternary System: K2C03-KOH-H20 . 
Usanovich and Sushkevich (71) measured conductance of t h i s  
te rnary  system a t  2 5 O ,  50" and 97'C, wi th  KOH concentrat ion range 
from 18.86 t o  41.59 w t  %, and containing carbonate content from 
0 to  31%. The r e s u l t s  are given i n  Table 6-5 and Figures 6-2 - 6-6. 
It was found t h a t  add i t ion  of potassium carbqnate i n  t h e  alkali 
lowers the  s p e c i f i c  conductance of t he  so lu t ion .  Similar  explanation 
was  given as i n  t h e  study of the e f f e c t  of pressure ,  add i t ion  of 
carbonate increase  t h e  v i s c o s i t y  (please refer to  t h e  s e c t i o n  on 
\ 
v i s c o s i t y )  and t h e  ion ic  concentrat ion,  The decrease i n  conductance 
i s  due t o  t h e  f a c t  t h a t  relative increase  i n  t h e  v i s c o s i t y  exceeds t h e  
r i se  i n  t h e  ion ic  concentrat ion.  
6.3 Viscosi ty  
The v i s c o s i t y  of a s o l u t i o n  is  usual ly  s tud ied  with o ther  
physical  p rope r t i e s ,  These data  are usua l ly  used t o  descr ibe the  
hydrodynamic of  a system, to  explain behavior i n  d i f f u s i v i t y ,  and 
thermal conductivity i n  these systems 
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Table 6-5 
Per  cent 
KOH 
Electrical Conductivity of KOH-K2C03-H20 
P e r  cent 
K2c03 
k -25O 550 O 
18.86 
0.6042 0.8769 1.4143 
2.00 0.5893 0.8588 1.3815 
9.76 0.5289 0.7864 1.2759 
21.50 0.4329 0.6612 1.1304 
25.97 0.3933 0.6134 1.0510 
21.95 
c 0.6527 0.9637 1.5506 
3.54 0.6225 0.9240 1.3880 
6.26 0.5959 0.8912 1.4458 
14.20 0.5233 0.7959 1.3329 
18.20 0.4789 0.7452 1.2590 
31.10 0.3457 0.5708 1.0420 
- ~ _ _  ~ 
- 0.6753 1.0190 1.6741 
2.55 0.6460 0.9831 1.6300 
26.37 7.19 0.6016 0.9156 1.5398 
13.40 0.5275 0.8199 I. 4176 
30.87 0.3291 0.5665 1.0501 
- 0.6694 1.0072 1.7042 
2.41 0.6395 0.9689 1.6475 
28.58 8.14 0.5693 . 0.8806 1.5176 
14.60 0.5089 0.8013 1.3980 









k -25O &50° %70 
._ _ _  __ - 
.- 0.6660 1.0185 1.7625 
2.81 0.6308 0.9735 1.7055 
31.45 9.20 0.5505 0.8665 1.5473 
11.47 0.5244 0.8340 1.4926 
19.35 0.4294 0.7032 1.3092 
33.72 
- 0.6449 1.0093 1.7262 
1.05 0.6340 1.0082 1.6692 
2.08 0.6289 0.9927 1.6198 
2.97 0.6127 0.9604 1.5479 
9.98 0.5113 0.8629 1.5258 
23.5 0.3611 0.6217 1.2123 
41.59 
c 0.5596 0.9305 1.7315 
1.6601 3.02 0.5237 0.8807 
7.00 0.4702 0.8023 1.5450 
1.4169 11.47 0.4164 0.7258 
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Figure 6-6. Conductivity of K CO -KOH-H20 (41.59 % KOH) 2 3  
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Several  au thors  have repor ted  v i s c o s i t y  of KOH so lu t ion .  
Thus, Solvay (43) and Vogel -7 et  a l .  (45) measured v i s c o s i t y  over  t h e  
complete l i q u i d  range (0 t o  70 mole % KOH, and from l o o  t o  24OOC). 
Other i nves t iga to r s  on this  sub jec t  are Hitchcock and McIIhenney (72), 
Lorenz (73) and a t h e o r e t i c a l  s tudy by Good (74). 
The v i s c o s i t y  of K2C03 s o l u t i o n  a t  2OoC w a s  measured by 
Chesnokov (75). 
Usanovich and Sushkevich (71) repor ted  v i s c o s i t y  of  t h e  
te rnary  system K CO -KOH-H20 a t  25" and 5OoC, for .28.58 and 31.45% 
KOH and containing 0 t o  21% K CO The r e s u l t s  of t h e i r  experiment 
are given i n  Table 6-6 and Figures  6-7 and 6-8. 
2 3  
2 3' 
6.4 Absorption of Carbon Dioxide i n  Potassium Hydroxide and 
Po tass imn Carbonat e Solut ions 
Absorption of carbon d ioxide  by scrubbing a gas mixture  
wi th  an aqueous s o l u t i o n  is an  o l d  problem i n  t h e  indus t ry .  The 
exce l l en t  review by Sherwood (76) covers t h e  per iod  before  1937. 
Interest i n  t h i s  sub jec t  is  ever increas ing .  The area of research  
covers t h e  t r a d i t i o n a l  s tudy of m a s s  t r a n s f e r  c o e f f i c i e n t s  i n  packed 
columns, t h e  s tudy of t h e  mechanism of chemical r e a c t i o n  i n  t h e  so lu t ion ,  
and the  study of mechanism of phys ica l  t r a n s f e r  by means of variaus 
model and mathematical analyses .  
6.4.1 Absorption i n  K2C03 Solu t ions  
--. 
The CO r i c h  gas i s  usua l ly  scrubbed e i t h e r  with methanol 2 
(Rec t i so l  process) ,  water, ethanolamine o r  h o t  potassium carbonate  
so lu t ion .  The h o t  potassium carbonate  process has several advantages 
over t h e  o t h e r s ,  P r inc ipa l ly  t h e  advantage is  i n  the  reduct ion  i n  
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Table  6-6 
Vis co s i t y  of KOH-K2C0 3-H20 
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Figure 6-8. V i s c o s i t y  of K CO TKOH-H~O (31.45 % KOH) 2 3  
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opera t ing  and equipment c o s t s  f o r  hea t ing  and cooling t h e  gas 
mixtures ( 7 7 - 8 1 ) .  Benson -- e t  a l . ( 8 2 )  repor ted  p i l o t  p l a n t  d a t a  f o r  
removal of CO with h o t  K CO s o l u t i o n ,  They compared t h e  c o s t  of 
opera t ion  and c a p i t a l  investment f o r  both t h e  ethanolamine and t h e  
potassium carbonate process,  The la t te r  process is found t o  b e  
more economical. The main reduct ion  is i n  t h e  cooling, hea t ing  
and so lven t  recovery system. Simultaneous removal of s u l f i d e  is  
a l s o  a n  asset of t h e  carbonate process.  
by Palo and Armstrong ( 8 3 )  i n  commercial p l a n t  operation. They 
a l s o  pointed o u t  some cor ros ion  problems experienced i n  t h i s  process.  
2 2 3  
These facts w e r e  confirmed 
Very few equilibrium d a t a  f o r  t h e  system CO -K CO 2 2 3' which 
are e s s e n t i a l  f o r  studying absorp t ion  processes,  are repor ted .  
Benson e t  a l .  repor ted  d a t a  f o r  system with 40% equiva len t  K CO 
and varying amounts of bicarbonate,  f o r  temperatures of 230° ,  248", 
266", and 284OF. Nakranczy and Rusz ( 8 4 )  repor ted  the  absorp t ion  
2 3  -7 
isotherm f o r  t h e  absorption of C 0 2  i n  5, 2 and 1 M K CO 
a t  2 O o C ,  5OoC and 75OC. The p res su re  range is  1 atmosphere t o  57 
so lu t ions  2 3  
atmospheres. Figure 6-9 gives t h e  gas-liquid equilibrium f o r  t h i s  
system a t  40% K 2 C 0 3 .  
The ea r ly  research  (85-88)  on t h e  absorp t ion  i n  K 2 C 0 3  i n  
packed columns w a s  along the  l i n e  of t h e  t r a d i t i o n a l  method of corre- 
l a t i n g  o v e r a l l  m a s s  t r a n s f e r  c o e f f i c i e n t s .  These t r a n s f e r  c o e f f i c i e n t s  
w e r e  co r re l a t ed  with t h e  physical p r o p e r t i e s  and t h e  dynamics of t he  
system. Unfortunately, t h i s  system which involves chemical r eac t ion ,  
can not be t r ea t ed  as i n  t h e  case  of purely phys ica l  absorbing system. 
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CO Content i n  t h e  Solu t ion  
(Stii. cu. f t .  of C O ~  p e r  gal.) 
Figure 6-9. Equilibrium Pressure  of CO Over K CO Solu t ion  
2 2 3  
(40% Equivalent K2C03).  
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Consequently, i t  w a s  observed t h a t  t h e  Henry's l a w  constant,  which 
is a n  equilibrium proper ty ,  w a s  found to  be  a func t ion  of t h e  flow 
v e l o c i t i e s  and a func t ion  of gas concent ra t ion  (86). 
Roper (87) s t u d i e d  t h e  var ious  f a c t o r s  which a f f e c t  t h e  
absorp t ion  rate of carbon dioxide by potassium carbonate s o l u t i o n s  
i n  a Stephens-Morris d i s c  column, The c h a r a c t e r i s t i c s  of t h e  absorp- 
t i o n  c a r r i e d  ou t  i n  t h e  d i s c  column w e r e  found t o  be s i m i l a r  t o  those  
of t h e  absorp t ion  i n  packed towers wi th  respec t  t o  t h e  e f f e c t  o f  t h e  
t o t a l  s o l u t i o n  concentration, percentage conversion t o  carbonates,  
l i q u i d  rate and temperature. 
of experimentally determining t h e  e f f e c t  of  chemical r eac t ions  i n  
packed towers with t h e  he lp  of a small s c a l e  Stephens-Morris d i s c  
This s i m i l a r i t y  opens up a p o s s i b i l i t y  
column (89). 
Danckwerts (89) s tud ied  t h e  mechanism of t r a n s f e r  i n - t h e  l i g h t  
of t h e  cu r ren t  t heo r i e s ,  e spec ia l ly  t h a t  of t h e  Film model (90-93), 
and t h e  Surface Renewal model (94). I n  t h e  former model t h e  ra te  of 
absorp t ion  is  d i r e c t l y  propor t iona l  t o  t h e  d i f f u s i o n  c o e f f i c i e n t  D ,  
while i n  t h e  l a t t e r  i t  is propor t iona l  t o  t h e  square r o o t  of D. The 
mechanism of phys ica l  t r a n s f e r  proposed f o r  t hese  models are v a s t l y  
d i f f e r e n t  and t h e  equations f o r  t h e  r a t i o  R/R 
ra te  of absorp t ion  with chemical r e a c t i o n ) .  However, t h e  ca l cu la t ed  
values f o r  t h i s  r a t i o  are t h e  same f o r  both models f o r  cases wi th  
f i r s t  and second order  r eac t ions .  
view, i t  is  not necessary t o  know t h e  co r rec t  mechanism of absorp t ion  
i n  order  t o  p r e d i c t  t h e  e f f e c t  of r e a c t i o n  on absorp t ion  r a t e s .  
a l s o  d i f f e r .  (R is  
0 
Hence, from a p r a c t i c a l  po in t  of 
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The r e a c t i o n  k i n e t i c s  f o r  t h e  C02-K2C03 r e a c t i o n  is known. 
When C02 is  absorbed by a s o l u t i o n  of K CO 
t h a t  between C02 and hydroxyl i ons ,  
uniform near  t h e  s u r f a c e ,  t h e  r e a c t i o n  can be considered as pseudo- 
t h e  p r i n c i p a l  r e a c t i o n  is 2 3' 
I n  cases when [CO=]/[HCO;] is  3 
f i r s t  o rder .  When t h i s  r a t i o  i s  s i g n i f i c a n t l y  less near  t h e  s u r f a c e  
than i n  t h e  bulk  of t h e  s o l u t i o n ,  the k i n e t i c  is  more complicated. 
S imi la r  s t u d i e s  w e r e  made by Ni j s ing  (95) us ing  a wetted w a l l  column. 
D a n c h e r t s  (89) poin ted  o u t  t h a t  any of t h e  theo r i e s  which 
can adequately p r e d i c t  rate of phys ica l  absorp t ion ,  can be used t o  
desc r ibe  t h e  e f f e c t  of chemical r e a c t i o n  on absorp t ion  ra te  i n  a packed 
column i f  t h e  chemical k i n e t i c  is w e l l  known, otherwise t h i s  e f f e c t  
can be p red ic t ed  by studying t h e  r e a c t i o n  ra te  i n  a s t i r r e d  tank o r  
d i s c  column which has t h e  same K as t h e  absorp t ion  column (96) .  
Matsnyama (97) a l s o  made a s i m i l a r  type of a n a l y s i s  on t h i s  system. 
L 
Gianetto e t  a l .  (98-loo), s tud ied  t h e  absorp t ion  of C 0 2  
i n  K CO 
and t h e  e f f e c t  of chemical r e a c t i o n  repor ted .  
by using t h e  gas bubble method and t h e  r i n g  pump method, 2 3  
6.4.2 Absorption i n  KOH Solu t ions  
The study of absorp t ion  of C02 i n  KOH s o l u t i o n  da te s  back 
t o  t h e  n in t een th  century.  While H a t t i ' s  conclusion (101) t h a t  gas 
f i l m  r e s i s t a n c e  is  t h e  c o n t r o l l i n g  f a c t o r  w a s  disputed by Jenny (102). 
Tepe and Dodge, a l s o  Spector and Dodge (104) from an experiment with 
counter cu r ren t  flow system concluded t h a t  t h e  r e s i s t a n c e  i n  t h e  gas 
f i l m  w a s  s i g n i f i c a n t  bu t  not predominent. The a t t e m p t  t o  ana lyse  t h e  
problem through processes t h a t  occur i n  t h e  l i q u i d  phase w a s  begun 
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by Brunner (105), and subsequent t o  t h i s ,  Weber and Nilsson and a l s o  
Davis and Crandall (106,107) extended and developed t h i s  a n a l y s i s  
f u r t h e r  . 
Abandoning t h e  t r a d i t i o n a l  m a s s  t r a n s f e r  c o e f f i c i e n t  
method, B lum g& a. (108), pos tu la ted  t h a t  t h e  rate of mass t r a n s f e r  
is  l i q u i d  phase l i m i t i n g  and t h a t  i t  is dependent on t h e  chemical 
k i n e t i c s  i n  a d d i t i o n  t o  the  f l u i d  dynamics. I n  add i t ion  t o  t h e  w e l l  
known equations,  
OH- + C02 = HCOS 
OH- + HCO; = HOH + CO; 
a t h i r d  equation w a s  assumed to  take  p l ace  
COY + C02 + HOH = 2HCO; (6-3)  
The c o r r e l a t i o n  of t h e  rate of t r a n s f e r  wi th  t h e  i o n i c  
s t r e n g t h ,  concent ra t ion  of ions and l i q u i d  flow ra te  l ead  t o  an  expression 
which p r e d i c t s  t h e  t r a n s f e r  rate very w e l l .  Again, it w a s  found t h a t  
t he  gas flow rate has l i t t l e  in f luence  on t h e  t r a n s f e r  rate. 
I n  a r ecen t  paper, Danckwerts (89) analyzed t h e  problem 
using t h e  usual equations 6-1 and 6-2. It w a s  found t h a t  t h e  r e a c t i o n  
rate is a very s t rong  func t ion  of t h e  concentration. 
I n  a l l  t he  s t u d i e s  of t h e  mass t r a n s f e r  c o e f f i c i e n t ,  i t  w a s  
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found t h a t  t h e  t r a n s f e r  c o e f f i c i e n t  showed a n  i n i t i a l  i nc rease  wi th  
inc rease  i n  normality of t h e  KOH s o l u t i o n ,  u n t i l  a maximum is reached 
between 1.5 t o  2 N,  whence f u r t h e r  i nc rease  i n  normality caused t h e  
rate of t r a n s f e r  t o  decrease.  This is due t o  t h e  f a c t  t h a t  when t h e  
c a u s t i c  concent ra t ion  inc reases ,  two counter a c t i n g  e f f e c t s  r e s u l t .  
On t h e  one hand, t h e  inc rease  i n  v i s c o s i t y  and reduct ion  i n  s o l u b i l i t y  
and d i f f u s i o n  c o e f f i c i e n t  tends t o  reduce rate of t r a n s f e r ,  on t h e  
o t h e r  hand, t h e  chemical r e a c t i o n  rate tends t o  inc rease  with inc rease  
i n  concentration. Hence, a maximum ra te  is observed a t  some i n t e r -  
mediate concentration. 
Severa l  o t h e r  s t u d i e s  have been made on t h i s  system. 
Kobayashi -- e t  a l .  (109) s tud ied  t h e  phenomenon tak ing  place near  t h e  
l i q u i d  i n t e r f a c e  i n  t h e  absorp t ion  of CO 
The hea t  generated and t h e  h e a t  t r a n s f e r  process w e r e  a l s o  s tud ied .  
i n t o  s tagnant  KOH so lu t ion .  2 
Hik i t a  and A s a i  (110), s tud ied  t r a n s f e r  i n  wetted w a l l  
column f o r  cases where t h e r e  are r i p p l e s  forming on t h e  l i q u i d  s u r f a c e  
and f o r  cases where t h e  r i p p l e s  are eliminated by t h e  a d d i t i o n  of 
wet t ing  agent .  The r e s u l t s  of . t h e  l a t t e r  case conform with those  
p red ic t ed  by t h e  pene t r a t ion  theory. Due to  the  presence of tu rbu len t  
cu r ren t  i n  cases where r i p p l e s  are p resen t ,  t h e  pene t r a t ion  theory 
i s  found t o  be  inadequate. Su rp r i s ing ly ,  they found t h a t  t h e  r a t i o  
R./R 
observation made by Danckwerts. 
i s  t h e  same as predic ted  by t h i s  theory,  which is  similar t o  t h e  
0 
Nijs ing  -- e t  a l .  (111) s tud ied  t h e  k i n e t i c s  of t h e  absorp t ion  
of C02 i n  KOH s o l u t i o n s  using both laminar j e t  and wetted w a l l  methods. 
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The conclusion drawn is e s s e n t i a l l y  s i m i l a r  t o  t h a t  of Danckwert (89) .  
One can even consider t h i s  a s  a n  experimental proof of t he  v a l i d i t y  
of Dankwert ' s  conclusion. 
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7.0 FUTURE PLANS 
Since experimental measurements of vapor p re s su re  of t h e  
t e rna ry  system KOH-K CO -H 0 are scarce, and t h e  I s o p i e s t i c  method 
does not  seem t o  be  app l i cab le  f o r  temperatures higher than 25OC, 
a new technique is being explored, 
been purchased and set up f o r  such a purpose. 
used t o  measure t h e  d i f f e rence  i n  p re s su re  between a s o l u t i o n  of known 
vapor p re s su re  and t h a t  of t h e  s o l u t i o n  t o  be  measured. 
2 3 2  
A d i f f e r e n t i a l  manometer has  
This manometer is  
Preliminary 
measurements wi th  t h i s  method g ive  f avorab le  r e s u l t s .  It is the re fo re  
planned t o  measure t h e  vapor p re s su re  of t h e  t e rna ry  system using 
t h e  above-mentioned set up, 
Measurements of d i f f u s i o n  c o e f f i c i e n t s  of hydrogen i n  
l i t h i u m  hydroxide so lu t ions  using t h e  stagnant microelectrode method 
w i l l  a l s o  be made. It is  expected t h a t  s l i g h t  modi f ica t ion  on t h e  
e x i s t i n g  technique w i l l  have t o  be  made t o  ensure r ep roduc ib i l i t y .  
Experimental and t h e o r e t i c a l  s t u d i e s  on t h e  p a r t i a l  molal 
volume of gases dissolved i n  e l e c t r o l y t e s  (both sa l t ing-out  and 
sa l t i ng - in  systems) w i l l  be continued f o r  t h e  next six months. 
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Appendix A 
W e  wish t o  ob ta in  a genera l  equation f o r  t he  chemical 
p o t e n t i a l  from fundamental s t a t i s t i ca l  mechanical considerations.  
Assuming pair-wise a d d i t i v i t y  and s p h e r i c a l  molecules wi th  c e n t r a l  
i n t e r a c t i o n s ,  an equation f o r  ~ . l  
r e l a t i o n  f o r  p re s su re  
can be  derived from t h e  b a s i c  1 
The Helmholtz f r e e  energy can b e  obtained f r o m  (A-1) and t h e  c l a s s i c a l  
thermodynamic re l a  t i o n  
and t h e  chemical p o t e n t i a l  ~ . l  is  obtained f r o m :  1 
(A-3) 
The genera l  r e l a t i o n  f o r  p then becomes: 1 
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(A-4)  
In order t o  make use  of some accura te  a n a l y t i c a l  r e s u l t s  f o r  hard 
spheres we  assume t h a t  t he  var ious  spec ies  i n  t h e  so lu t ion  interact  
via a cut-of f Lennard-Jones p o t e n t i a l  energy function. 
(A-5) 
h.s. where $ij ( r )  is t h e  usua l  hard sphere p o t e n t i a l  and $:.(r) i s  a 
1J 
Lennard-Jones cut-off p o t e n t i a l ,  t h e  cut-off being taken a t  t h e  va lue  
0. 
Using Eq. (A-5) i n  (A-4)  causes t h e  chemical p o t e n t i a l  t o  





Using t h e  genera l  equat ion f o r  t h e  chemical p o t e n t i a l  i n  terms of the  
fugac i ty ,  vG can be w r i t t e n  as 1 
G + kT Rn f l  p: = kT Rn 
From the  equa l i ty  of t he  chemical p o t e n t i a l  i n  t h e  gas and l i q u i d  phases, 
t h e  a c t i v i t y  c o e f f i c i e n t  can be w r i t t e n  as: 
m 
0 (A-10) 
The i n t e g r a l  i n  the  equation f o r  ph can be solved a n a l y t i c a l l y  i f  an 1 
a p p r o p r i a t e ' t h e o r e t i c a l  expression i s  ava i l ab le  f o r  g 
t h e  va lue  of the  r a d i a l  d i s t r i b u t i o n  funct ion a t  contact .  Lebowitz (112)  
(Oij,T,p1-**pm), i j  
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has solved t h e  hard sphere  mixture Percus-Yevick (P-Y) equations 
exactly.  Using this r e s u l t ,  Lebowitz and Rowlinson (113) have 
derived an express ion  
Lebowitz r e s u l t  g ives  
b e t t e r  agreement wi th  
f o r  p:. A recent modification (114) of t h e  
a va lue  f o r  g 
t h e  molecular dynamics r e s u l t s  of Alder (115,116) 
. . , p l - - = p  m ) which is  i n  much i j ("ij 
f o r  all d e n s i t i e s  except those near  the phase t r a n s i t i o n .  
i f i e d  Percus-Yevick r e s u l t  (ME'Y) is: 
This mod- 
j 
30i". 52 g . .  (aijP1" *Pm> = - 
13 ("i + "j) 
(A-11) 
where 
1 m R = ti 7r 1 Pj"j 
j=1 
(A-12) 
Using t h e  MPY r e s u l t  i n  equation (A-7) enables ph 1 t o  be solved analyt-  




S In order  t o  c a l c u l a t e  p1 w e  must spec i fy  @?. (r) and the  mixture r a d i a l  
d i s t r i b u t i o n  func t ion  f o r  a l l  va lues  of r; n o t  j u s t  at 0.. as i n  t h e  
hard sphere case. 
a nonpolar and polar  par t :  
=J 
13 
The s o f t  p o t e n t i a l  i n t e r a c t i o n  $:. ( r )  is  s p l i t  i n t o  
=J 
(A-14) 
The nonpolar p a r t  i s  assumed t o  be of the  Lennard-Jones (6-12) kind 
= o  f o r  r < 0.. 
=J 
where the  mixture  p o t e n t i a l  parameters follow the usua l  mixing r u l e s  
= - 1 (‘si + 0.) 
‘ij 2 J 
(A-16) 
The po la r  i n t e r a c t i o n  between t h e  s o l u t e  (1) and t h e  so lvent  
w a t e r  (2) is assumed t o  be the  angle-averaged polar-nonpolar molecule 




of t h e  s o l u t e  1. 
is t h e  d ipo le  moment of water and a 2 1 is t h e  p o l a r i z a b i l i t y  
The mixture r a d i a l  d i s t r i b u t i o n  func t ions  are no t  r e a d i l y  
evaluated from any theory. 
so lven t  p a r t i c l e s  are uniformly d i s t r i b u t e d  about t h e  s o l u t e  molecules 
so t h a t  
A s  an approximation w e  .assume t h a t  t h e  
(A-18) 13 glj = 1 for r > cl 
Using equations (A-18), (A-17), (A-15) and (A-14) i n  equation (A-8) 
f o r  ps gives: 1 
(A-19) 
The p a r t i a l  molal volume of s o l u t e  1 i n  the  e l e c t r o l y t e  
so lu t ion  can be ca l cu la t ed  from the  well-known thermodynamic r e l a t i o n :  
(A-20) 




where B is t h e  isothermal compress ib i l i ty  
(A-22) 
In  order t o  p r e d i c t  t h e  compress ib i l i ty  an equation of s ta te  
is necessary. We use  the  MPY equation f o r  hard sphere mixtures (114). 
P 6  
kT ?T 
- = -  [L 1-5, + + h (A-23) 
Using t h i s  equation of state i n  (A-22), t h e  compress ib i l i ty  of a mixture 
of hard spheres i s  given by: 
U s e  of equation (A-24)  i n  the  r e l a t i o n  f o r  t h e  p a r t i a l  molal volume g ives  
a r e l a t i o n  f o r  
which no new parameters have been introduced. 
cons i s t en t  with t h e  hard sphere MPY theory and f o r  1 
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Appendix B 
The Multicomponent Hard Sphere Diffusion Eauation 
The approximations inherent  i n  the  Enskog form of the 
modified Boltzmann equat ion have been discussed i n  d e t a i l  by several 
au thors  (117-120). The same considerat ions are v a l i d  f o r  t h e  multi-  
component case. The p r i n c i p a l  assumptions are: (a) only b inary  
c o l l i s i o n s  need be considered, (b) the  molecular chaos assumption 
i s  v a l i d ,  and (c) t h e  nonequilibrium p a i r  c o r r e l a t i o n  func t ion  
g ( 5 ,  r + ak* -2 t) may b e  replaced by t h e  l o c a l  equi l ibr ium va lue  g((J). 
The last two approximations imply t h a t  t he  second order  d i s t r i b u t i o n  
func t ion  f j u s t  p r i o r  t o  c o l l i s i o n  can b e  w r i t t e n  i n  terms of t h e  
(2 1 
first order  func t ion  as 
(2) (-5 
f o r  Ir, - f21 = a+ 
where CT is  the r i g i d  sphere diameter and g(0) is  evaluated a t  t h e  number 
dens i ty  corresponding t o  the  p o s i t i o n  of t h e  po in t  of contact .  The molec- 
u l a r  chaos approximation i s  t h e  most s e r ious  one i n  the  theory,  and has 
been t e s t e d  aga ins t  molecular dynamics ca l cu la t ions  by Dymond and 
Alder (121-122); they f i n d  t h a t  i t  may lead t o  e r r o r s  o f  about 20% a t  
higher  d e n s i t i e s .  
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For a r i g i d  sphere mixture of v components t he  modified 
Boltzmann equations are: 
i=l, 2,- - V  (B-1) 
where f .  i s  t h e  s i n g l e t  d i s t r i b u t i o n  funct ion f o r  molecules of type i, 
v. is  molecular ve loc i ty ,  x. i s  the  ex te rna l  fo rce  per u n i t  mass, w 
-1 -1 -j i 
i s  r e l a t i v e  v e l o c i t y  between the  i and j molecules, and - k is  the  u n i t  
1 
vector  l y ing  on a l i n e  jo in ing  the  center  of molecule j t o  molecule i 
a t  the  moment of contac t .  The funct ion g (r+ 7 a . . k  lJ-, cf..) 1J is  t h e  i j  
l o c a l  equi l ibr ium r a d i a l  d i s t r i b u t i o n  funct ion,  evaluated a t  t h e  poin t  
of contact  of t he  two r i g i d  spheres, (L + oij&). 
B I .  INTEGRAL EQUATION FOR $i 
As usual  (123) w e  assume t h a t  t he  d i s t r i b u t i o n  func t ions  
and f i  a r e  slowly varying i n  space s o  t h a t  w e  may expand these  gi j 
funct ions i n  a Taylor 's  s e r i e s  a b o u t r ,  keeping only terms up t o  
f i r s t  order.  When t h i s  i s  done and w e  put f = f so) (1 + Oi) in i 1 
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In this equation $. r ep resen t s  t he  f i r s t  o rder  cor rec t i tm t o  f fo) ,  and is  
1 
a l i n e a r  func t ion  of t h e  f i r s t  d e r i v a t i v e s  of number d e n s i t i e s  n temper- i' 
(0 1 - a tu re  T, and m a s s  average v e l o c i t y  v The d i s t r i b u t i o n  func t ion  f i  
-0' 
f o r  t h e  uniform steady s ta te  is  
(B-3) 
where C+ = v.  - v 
left-hand s i d e  of Eq. (B-2) and in t h e  second of t h e  terms on t h e  
is  t h e  pecu l i a r  ve loc i ty .  Using Eq. (B-3) i n  t h e  
-1 --o 
r i g h t  gives: 
a% m Dni i i  DT i fro' [k Dt - [ZT 2kT '11 D t  kT -1-1 a~ - - -- + - c.c.:- 
r 
The i n t e g r a t i o n s  involved i n  t h e  l as t  fou r  terms on t h e  
r i g h t  s i d e  of Eq. ( B - 4 )  can be evaluated using r e s u l t s  proved i n  
Section 16.8 of Chapman and Cowling, toge ther  wi th  Eq. (B-3) .  I n  
addi t ion ,  the  s u b s t a n t i a l  t i m e  d e r i v a t i v e s  which appear on t h e  l e f t -  
hand s i d e  of Eq. ( B - 4 )  can be eliminated using t h e  hydrodynamic 
equations : 
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v = o  - &i a Dt + n i Z ' - o  - 
DT 2 a -+ - P - . v  = o  Dt 3nk ar -o - 
where the  pressure  i s  given by: 
When these  
+2 kT (1 
two s t e p s  a r e  ca r r i ed  out  on Eq. (B-4) we obtain: 
2 
miCi 5 1 a~ 
5 j = l  - 
V 
--' e. 2 T ar -1 






Pi ap P i  where Ai = - - - - - 
pnkT ar - pnkT 
b . .  = - 2 7rn. 0. 3 . / P  
1J 3 J 13 
Eq. (B-9) and (B-10) are the  multicomponent gene ra l i za t ions  
of Thorne's b inary  equations,  (16.9,4) and (16.9,5) of Chapman and 
Cowling. 
BII. SOLUTIONS OF INTEGRAL EQUATIONS 
Since t h e  right-hand s i d e  of Eq. (B-9) is l i n e a r  i n  the  
and gi, w e  expect @ t o  be  of t h e  form: aRnT g rad ien t s  - - a r  ' ar i 
where Ei = Ci(mi/2kT) 1/2 
(B-11) 
S u b s t i t u t i n g  t h i s  i n t o  Eq. (B-9) y i e l d s  i n t e g r a l  equations f o r  t h e  




j=1 11 f $ O )  f(') (A: + A! - A .  - A . ) ( w  *k) dk dv j -1 J -1 -J -ji - - 3  
2 




4 1 + 7 1 Mji pb. 3.J .g . .  I]] z-3. C.C. 
j 
2 
Mji Pbijgij - &] - (B-13) 
and 
v v  
j=1 h = l  
*k) dk dv - - 3 11 f !O) f (Ch' + C h '  - C h  - Ch).d - 1 C g i j  o i j  1 J 1 -j -1 -j -h (xji 
(B-14) 
In connection with Eq. (B-14) i t  should be noted t h a t  t h e  grad ien ts  Ai 
are not a l l  independent ( see  below), so t h a t  i t  is  not  poss ib l e  t o  
equate terms for each of these  g rad ien t s  i nd iv idua l ly .  
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h B I I ( i )  Solu t ion  f o r  ci. From Eq.  (B-10) i t  follows t h a t  
C d + = O  
i 
k-i' F in Using this t o  e l imina te  t h e  dependent grad ien t ,  d.+ = - 
Eq. (8-14), and equating terms f o r  i nd iv idua l  gradients:  
h Expanding Gi: 
c. = cio -1 w. 
-1 
(B-17) 
Eq. (B-17) is  s u b s t i t u t e d  i n t o  (B-161, t he  equation mul t ip l ied  by 
W. and i n t e g r a t e d  over li t o  give: 
-1 
The auxiliary condition y i e l d s  the  following r e l a t i o n  among t h e  
(B-18) 
k - c .  ): h ('jo jo 
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Using (B-19) i n  (B-18) gives: 
h k 
(Gjo - c .  ) = (Sik - (Sib 
JO 
Fijnj 
j q  F 
(i,h=1,2, * - * Y )  
where 
and Vi, is  t h e  d i l u t e  gas b inary  d i f f u s i o n  coe f f i c i en t :  





The choice of q i s  a r b i t r a r y  i n  general ,  and corresponds t o  t h e  
e l imina t ion  of t h e  m a s s  f l u x  f o r  t h i s  component using the  a u x i l i a r y  
condition. 
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BIII. MASS FUJX 
There is  no c o l l i s i o n a l  cont r ibu t ion  t o  the  f l u x  of m a s s ,  
t h e  e n t i r e  f l u x  being t h e  k i n e t i c  p a r t .  
of j-molecules i s  
The average pecu l i a r  v e l o c i t y  
Ne now s u b s t i t u t e  Eq. (B-11) f o r  r$ e l imina te  t h e  dependent d 
(B-15), and use the  Sonine expansions and (B-17) up t o  t h e  f i r s t  
term, t o  g e t  
j' -k by 
We now assume no external fo rces  and mechanical equilibrium, 
3P 
3r  so t h a t  x = 0 and - = 0. 
gives : 
Using Eq. (B-10) f o r  4, i n  Eq. (B-20) 
-j - 
(B-21) 
However, i n  Eq. (B-21) t h e  g rad ien t s  of concentration are n o t  a l l  
independent because they  are r e l a t e d  by t h e  equation of state. 
Eq. (B-8) w i t h  - =  
From 
ap 
a r  ‘ 9  - 
an 
1 1 ni(GiR + 2M. pb. g. 1 a’nT] (B-22) 1R 1R 1R - m ar - 
Eliminating the dependent concentration g rad ien t  from (B-21) using 
(B-22) gives:  





where J. is  the  mass f l u x  r e fe r r ed  t o  the  center  of mass frame, D 
i s  t h e  multicomponent d i f fus ion  coe f f i c i en t  on t h e  center  of m a s s  
frame, and D. is t h e  thermal d i f fus ion  coe f f i c i en t  on t h e  center  of 
mass frame. Comparing Eq. (B-23) and (B-24) gives the  following 





k In  this equation (Ch - C . ) is given by Eq. (B-20) .  30 JO 
Equation (B-25) f o r  t he  multicomponent isothermal d i f fus ion  
coe f f i c i en t  can be s impl i f ied  by using Eq:(B-20) t o  e l imina te  
To do t h i s ,  mul t ip ly  Eq. (B-20) by 
and sum over h+k, t o  get: 
Using (B-25) t o  e l imina te  the  sum over h+k on the  left-hand s i d e  
gives  
FijmaDjR - Eim p R - EiR 
j q  F m (B-26) 
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The choices of m and q are arbitrary; i t  is sometimes convenient to 
take m=q, but th i s  is not always the case. In using (B-26) w e  note 
that 
1 F.. = 0 
i J-J 
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